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Targeting  the  Estrogen  Receptor  for  Ubiauitination  and  Degradation  in  Breast 
Cancer  Cells 


INTRODUCTION 

The  ubiquitin-proteasome  pathway  involves  the  assembly  of  a  multiubiquitin 
chain  on  a  substrate,  which  then  targets  the  appended  protein  for  degradation  by  the  26  S 
proteasome.  In  this  application,  we  propose  to  develop  a  suite  of  heterobifiinctional 
compounds  known  as  Protacs  (for  Proteolysis- Targeting  Chimeric  Molecules)  that  can  be 
used  to  target  the  degradation  of  any  protein  in  the  cell  by  artificially  tethering  it  to  a 
ubiquitin  ligase.  Specifically,  we  propose  to  investigate  a  Protac  that  is  comprised  of  a 
peptide  epitope  derived  from  IkappaBalpha  (IkBa)  linked  to  estradiol  (E2).  The  IkBa 
peptide  binds  specifically  to  the  ubiquitin  ligase  SCFbeta‘TRCP,  whereas  estradiol  binds 
specifically  to  ER.  The  underlying  hypothesis  of  the  work  proposed  here  is  that  Protac 
(and  subsequent  Protacs)  will  serve  as  a  ‘molecular  bridge’  that  links  ER  to  sCFbetaTRCP. 
This  linkage,  in  turn,  will  promote  ubiquitination  and  degradation  of  ER,  which  is 
expected  to  inhibit  the  growth  of  hormone-responsive  breast  cancer  cells.  The  specific 
aims  are:  (1)  that  a  cell  permeable  Protac  will  enter  breast  cancer  cells;  (2)  that  Protac 
will  activate  turnover  of  ER  in  breast  cancer  cells;  and  (3)  that  Protacs  will  have  an  effect 
on  the  growth  of  breast  cancer  cells. 

BODY 

Statement  of  Work 

Task  1.  Test  the  hypothesis  that  a  cell  permeable  Protac  will  enter  breast  cancer 
cells  (Months  1-9) 

a.  Generate  a  cell-permeable  form  of  Protac  (Months  1-6) 

b.  Determine  whether  Protac  enters  cells  (Months  6-9) 

In  this  instance,  months  1-9  will  be  spent  testing  Protacs  that  are  cell-permeable  and 
characterize  their  internalization  properties 

To  test  whether  Protac  could  enter  cells,  a  modified  strategy  was  used.  As  proof 
of  principle,  we  chose  to  carry  out  these  experiments  with  a  Protac  containing  the 
ligand  for  the  androgen  receptor  (AR),  DHT.  We  demonstrated  that  the  HI  FI 
peptide  with  a  tat-derivative  chemically  linked  to  DHT  coiid  promote  the 
degradation  of  AR-GFP  in  cells  (see  manuscript  by  Schneekloth  et  al,  JACS. 
2004).  The  degradation  of  AR-GFP  was  also  proteasome-dependent.  This 
technology  was  used  to  test  other  inhibitors  of  ubiquitination  and  proteolysis  (see 
Verma  et  al,  Science.  2004).  We  are  currently  synthesizing  a  HIF  -estradiol 
Protac  to  test  in  cells  expressing  ER-GFP.  Future  plans  include  testing  the 
effects  of  HIF -estradiol  Protac  in  breast  cancer  cell  lines  to  examine  ER  turnover 
and  proteasome-dependent  degradation. 
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Task  2.  Test  the  hypothesis  that  Protac  will  activate  turnover  of  ER  in  breast  cancer 
cells  (Months  9-14) 

a.  Test  whether  Protac  increases  turnover  of  endogenous  ER  (Months  9-12) 

b.  Perform  pulse  chase  analysis  to  determine  ER  half-life  in  cells  treated  with 
Protac  (Months  12-14) 

In  this  instance,  months  9-14  will  be  spent  determining  whether  Protacs  result  in 
increased  ubiquitination  and  degradation  of  ER  in  cells. 

We  will  perform  these  assays  as  soon  as  the  HIF-estradiol  Protac  becomes 
available. 


Task  3.  Test  the  hypothesis  that  Protacs  will  have  an  effect  on  the  growth  of  breast 
cancer  cells  (Months  14-18) 


a.  Characterize  the  effects  of  Protac  on  cell  proliferation  (Months  14-16) 

b.  Determine  whether  Protacs  induce  cell  death  (Months  16-18) 

The  proposed  timeline  for  this  aim  assumes  that  Aims  1  and  2  will  proceed  as  planned. 
The  goal  of  Task  3  will  be  to  determine  whether  Protacs  affect  cell  proliferation  in 
culture. 

These  experiments  will  also  be  performed  once  the  HIF  -estradiol  Protac  is 
available.  In  summary,  we  have  developed  a  new  technology  to  target  cancer- 
causing  proteins  for  ubiquitination  and  degradation  (see  Sakamoto  KM,  Methods 
in  Enzvmoloqy.  in  press). 

b.  For  publications,  please  see  Appendix. 

Sakamoto  KM,  Kim  KB,  Verma  R,  Ransick  A,  Stein  B,  and  RJ  Deshaies. 
Development  of  Protacs  to  Target  Cancer-Promoting  Proteins  for  Ubiquitination 
and  Degradation.  Mol  Cell  Proteomics.  12:1350-1358,  2003. 

Schneekloth  JS,  Fonseca  F,  Koldobskiy  M,  Mandal  A,  Deshaies  RJ,  Sakamoto 
KM,  and  CM  Crews.  A  Chemical  Genetic  Strategy  for  in  vivo  Loss  of  Protein 
Function.  J  Amer  Chem  Soc.  126(12);  3748-3754,  2004. 

Verma  R,  Peters  NR,  D’Onofrio,  Tochtrop  G,  Sakamoto  KM,  Varada  R, 
Fushman  D,  Deshaies  RJ,  and  RW  King.  Ubistatins  Inhibit  Proteasome- 
Dependent  Degradation  by  Binding  the  Ubiquitin  Chain.  Science,  in  press. 

Sakamoto  KM.  Chimeric  Molecules  to  Target  Proteins  for  Ubiquitination  and 
Degradation.  Methods  in  Enzvmoloav  (Ubiquitin  and  Proteasome  System),  in 
press. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

development  of  new  Protacs  that  are  cell  permeable 

development  of  Protacs  that  promote  the  degradation  of  a  nuclear  hormone 

receptor  involved  in  cancer  progression 

development  of  Protacs  that  recruit  a  cancer-causing  protein  for  ubiquitination  in 
a  proteasome-dependent  manner 

REPORTABLE  OUTCOMES 

-  manuscripts  (see  above) 
abstracts  (N/A) 

-  Patents:  “Proteolysis  Targeting  Chimeric  Pharmaceutical”  (Raymond  Deshaies, 
Craig  Crews,  and  Kathleen  Sakamoto),  Ref.  No.  CIT3284. 

-  Degrees  obtained  from  this  award:  Ph.D.  in  Biology  (K.  Sakamoto). 

Development  of  a  293  AR-GFP  stably  expressing  cell  line. 

-  Funding  opportunities  as  a  result  of  this  award: 

National  Institutes  of  Health  (R21  CA108545) 

Ubiquitination  and  Degradation  in  Cancer  Therapy 
7/1/04-6/31/06 

Sakamoto,  PI 

-The  major  goal  of  this  project  is  to  develop  a  new  technology  in  which  a  Protac  links  the  AR  to  SCFbeta- 
TRCP,  resulting  in  ubiquitination  and  degradation  of  AR. 

The  Department  of  Defense 

Targeting  the  Estrogen  Receptor  for  Ubiquitination  and  Degradation  in  Breast  Cancer  Cells 

Sakamoto,  PI 

5/1/03-10/31/04 

-The  goal  of  this  project  is  to  develop  new  technologies  to  treat  breast  cancer. 

CONCLUSIONS 

We  conclude  from  our  studies  that  Protacs  that  are  cell  permeable  are  capable  of  targeting 
cancer- causing  proteins  for  ubiquitination  and  degradation  in  a  proteasome-dependent 
manner. 

REFERENCES:  not  applicable. 

APPENDICES: 

Reprints/Manuscripts  (4) 
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Development  of  Protacs  to  Target 
Cancer-promoting  Proteins  for 
Ubiquitination  and  Degradation* 

Kathleen  M.  Sakamoto^§H,  Kyung  B.  Kim||,  Rati  Verma§**,  Andy  Ransick§, 
Bernd  Stein#,  Craig  M.  Crews§§,  and  Raymond  J.  Deshaies§H** 


The  proteome  contains  hundreds  of  proteins  that  in  the¬ 
ory  could  be  excellent  therapeutic  targets  for  the  treat¬ 
ment  of  human  diseases.  However,  many  of  these  pro¬ 
teins  are  from  functional  classes  that  have  never  been 
validated  as  viable  candidates  for  the  development  of 
small  molecule  inhibitors.  Thus,  to  exploit  fully  the  poten¬ 
tial  of  the  Human  Genome  Project  to  advance  human 
medicine,  there  is  a  need  to  develop  generic  methods  of 
inhibiting  protein  activity  that  do  not  rely  on  the  target 
protein’s  function.  We  previously  demonstrated  that  a 
normally  stable  protein,  methionine  aminopeptidase-2  or 
MetAP-2,  could  be  artificially  targeted  to  an  Skpl-Cullin- 
F-box  (SCF)  ubiquitin  ligase  complex  for  ubiquitination 
and  degradation  through  a  chimeric  bridging  molecule  or 
Protac  (proteolysis  targeting  chimeric  molecule).  This 
Protac  consisted  of  an  SCFp  TRCP-binding  phosphopep- 
tide  derived  from  licBa  linked  to  ovalicin,  which  covalently 
binds  MetAP-2.  In  this  study,  we  employed  this  approach 
to  target  two  different  proteins,  the  estrogen  (ER)  and 
androgen  (AR)  receptors,  which  have  been  implicated  in 
the  progression  of  breast  and  prostate  cancer,  respec¬ 
tively.  We  show  here  that  an  estradiol-based  Protac  can 
enforce  the  ubiquitination  and  degradation  of  the  a  isoform 
of  ER  in  vitro ,  and  a  dihydroxytestosterone-based  Protac 
introduced  into  cells  promotes  the  rapid  disappearance  of 
AR  in  a  proteasome-dependent  manner.  Future  improve¬ 
ments  to  this  technology  may  yield  a  general  approach  to 
treat  a  number  of  human  diseases,  including  cancer. 
Moiecuiar  &  Ce/lular  Proteomics  2:1350-1358 ,  2003. 
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One  of  the  major  pathways  to  regulate  protein  turnover  is 
ubiquitin-dependent  proteolysis.  Post-translational  modifica¬ 
tion  of  proteins  with  ubiquitin  occurs  through  the  activities  of 
ubiquitin  activating  enzyme  (El),  ubiquitin-conjugating  en¬ 
zymes  (E2),  and  ubiquitin  ligases  (E3),  which  act  sequentially 
to  catalyze  the  attachment  of  ubiquitin  to  lysine  residues  in  an 
energy-dependent  manner  (1 , 2).  Among  the  hundreds  of  E3s 
encoded  within  the  human  genome,  the  Skpl-Cullin-F-box 
(SCF)1  ubiquitin  ligases  comprise  a  heterotetrameric  group  of 
proteins  consisting  of  Skp-1,  Cull,  a  RING-H2  protein  Hrtl 
(also  known  as  Rod  or  Rbxl),  and  an  F-box  protein  (1 , 3).  The 
mammalian  F-box  protein  j3-transducin  repeat-containing 
protein  (|3-TRCP)  of  SCF^TRCP  binds  IkB«,  the  negative  reg¬ 
ulator  of  NF-kB,  and  promotes  its  ubiquitination  and  degrada¬ 
tion  (4).  A  10-aa  phosphopeptide  segment  of  IkB«  is  both 
necessary  and  sufficient  to  mediate  its  binding  to  sCF^""mcp 
and  subsequent  ubiquitination  and  degradation  (4). 

There  is  a  pressing  unmet  need  to  develop  effective  drugs 
to  treat  cancer  and  other  diseases  that  afflict  humans.  The 
recent  completion  of  the  human  genome  sequence  coupled 
with  basic  studies  in  molecular  and  cellular  biology  have 
revealed  hundreds  to  thousands  of  proteins  that  could  con¬ 
ceivably  serve  as  targets  for  rational  drug  therapy.  Unfortu¬ 
nately,  many  of  these  protein  targets  are  not  considered  to  be 
readily  “drugable,”  in  that  they  are  not  enzymes  and  it  is  not 
obvious  how  to  inhibit  their  function  with  small  molecule 
drugs.  Thus,  it  would  be  valuable  to  have  a  generic  method 
that  would  enable  specific  and  efficacious  inhibition  of  any 
desired  protein  target,  regardless  of  its  biochemical  function. 
Short  interfering  RNA  (siRNA)  represents  one  such  method  (5, 
6),  but  it  remains  unclear  whether  siRNA  will  work  as  thera¬ 
peutic  agents  in  humans.  We  sought  to  develop  a  different 
approach,  taking  advantage  of  the  10-aa  phosphopeptide 
sequence  of  IkBq-  described  above  to  target  proteins  for 
ubiquitination  and  degradation  (4). 

As  proof  of  concept,  we  previously  synthesized  a  chimeric 


1  The  abbreviations  used  are:  SCFP "TRCP,  Skpl-Cullin-F-box;  Pro¬ 
tac,  proteolysis  targeting  chimeric  molecule;  E2,  estradiol;  DHT,  di- 
hydroxytestosterone;  MetAP-2,  methionine  aminopeptidase-2;  ER, 
estrogen  receptor;  AR,  androgen  receptor;  DMF,  dimethylformamide; 
DMSO,  dimethylsulfoxide;  ES,  electrospray;  GFP,  green  fluorescence 
protein;  /3-TRCP,  j3-transducin  repeat-containing  protein. 
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molecule  or  Protac  (proteolysis  targeting  chimeric  molecule) 
consisting  of  the  kBa  phosphopeptide  linked  to  ovalicin, 
which  covalently  binds  methionine  aminopeptidase-2 
(MetAP-2).  We  showed  that  this  Protac  (Protac-1)  recruits 
MetAP-2  to  the  SCFp_trcp  ubiquitin  ligase  resulting  in  both 
ubiquitination  and  degradation  of  MetAP-2  (7).  MetAP-2  is  not 
known  to  be  an  endogenous  substrate  of  SCF/3“TRCP  (8),  and 
was  not  ubiquitinated  by  SCF^TRCP  in  the  absence  of  Pro- 
tac-1 .  Although  this  experiment  demonstrated  that  Protacs 
could  work  as  envisioned,  it  left  open  a  number  of  critical 
questions.  For  example,  can  Protacs  be  used  more  gener- 
icaliy  to  target  other  substrates,  including  proteins  of  po¬ 
tential  therapeutic  interest?  Can  a  Protac  recruit  a  target  to 
SCFP  TRCP  through  a  noncovaient  interaction?  Can  a  Protac 
work  within  the  context  of  a  cell? 

Both  estrogen  receptor  a  (ER)  and  androgen  receptor  (AR) 
have  been  demonstrated  to  promote  the  growth  of  breast  and 
prostate  cancer  cells  (9,  10).  In  fact,  there  are  several  treat¬ 
ment  modalities  such  as  Tamoxifen  and  Faslodex,  which  con¬ 
trol  breast  tumor  cell  growth  through  inhibition  of  ER  activity. 
In  early  prostate  cancer,  tumor  cells  are  often  androgen  re¬ 
sponsive.  Patients  with  prostate  cancer  receive  hormonal 
therapy  to  control  tumor  growth.  Recent  evidence  suggests 
that  even  in  androgen-independent  prostate  cancer,  the  AR 
may  promote  tumor  growth  (10).  Similarly,  many  tamoxifen- 
resistant  tumors  still  express  ER  (11).  Thus,  new  drugs  that 
down-regulate  AR  and  ER  by  novel  mechanisms  may  be  of 
potential  benefit  in  treating  breast  and  prostate  cancers. 

To  address  the  key  questions  about  Protacs  raised  by  our 
first  study,  we  set  out  to  develop  Protacs  comprising  the  IkB« 
phosphopeptide  linked  to  either  estradiol  (E2)  or  dihy- 
droxytestosterone  (DHT)  to  recruit  ER  or  AR  to  SCFp“trcp  to 
accelerate  their  ubiquitination  and  degradation.  Recently, 
both  the  ER  and  AR  have  been  shown  to  be  regulated  by 
proteasome-dependent  proteolysis  (12-14).  We  reasoned 
that  Protacs  might  mimic  the  action  of  the  human  papilloma¬ 
virus  E6  protein,  which  accelerates  the  turnover  of  the  already 
unstable  p53  to  the  point  where  p53  can  no  longer  accumu¬ 
late,  resulting  in  loss  of  its  function  (15). 

In  this  paper,  we  report  the  feasibility  of  using  Protacs  to 
target  degradation  of  proteins  known  to  promote  tumor 
growth.  We  show  that  Protacs  can  recruit  the  ER  for  ubiquiti¬ 
nation  and  degradation  in  a  cell-free  system.  Furthermore,  our 
results  demonstrate  that  in  cells,  Protacs  can  promote  the 
degradation  of  AR  in  a  proteasome-dependent  manner.  Thus, 
Protacs  may  be  a  useful  therapeutic  approach  to  destroy 
proteins  that  promote  tumor  growth  in  patients  with  cancer. 

EXPERIMENTAL  PROCEDURES 
Synthesis  of  Protacs 

I kBch.  Phosphopeptide-Estradiol  Protac— To  generate  GA-1-mono- 
succinimidyl  suberate,  the  estradiol  derivative,  GA-1  (7  mg,  11.5 
jiunol),  was  dissolved  in  1  ml  of  anhydrous  dimethylformamide  (DMF), 
and  disuccinimidyl  suberate  (21  mg,  57.0  /xmol)  was  added  at  room 


temperature.  After  overnight  stirring,  DMF  was  removed  under  high 
vacuum,  and  the  resulting  white  solid  was  flash-chromatographed  to 
give  GA-1-monosuccinimidyl  suberate  (6.3  mg,  7.3  /xmol,  63.5%).  For 
synthesis  of  GA-1-kBa  phosphopeptide,  GA-1 -monosuccinimidyl 
suberate  (6  mg,  6.9jxmo!)  in  DMSO  (1  ml)  was  added  to  dimethylsul- 
foxide  (DMSO)  solution  (0.4  ml)  containing  IkB«  phosphopeptide  (1 .5 
mg,  0.92/xmol)  and  dimethylaminopyridine  (0.5  mg).  After  30  min 
stirring  at  room  temperature,  the  coupling  reaction  was  completed, 
which  was  confirmed  by  a  Kaiser  test.  DMSO  was  removed  under 
high  vacuum,  and  the  resulting  crude  product  was  repeatedly  washed 
with  dichloromethane  and  methanol  to  remove  excess  GA-1 -mono¬ 
succinimidyl  suberate  to  give  the  final  product,  GA-1-IkB«  phos¬ 
phopeptide  (1.5  mg,  0.63  ju, mol,  68.5%).  The  final  product  was  char¬ 
acterized  by  electrospray  (ES)  mass  spectrometry.  ES-MS  (M+H)+ 
for  GA-I-IkBg:  phosphopeptide  was  2384.0  Da.  All  other  intermedi¬ 
ates  were  characterized  by  500-MHz  1H  nuclear  magnetic  resonance 
spectroscopy. 

IkBol-DHT Protac— For  DHT-Gly-monosuccinimidyl  suberate,  DMF 
(28  /xl,  0.33  mmol)  was  added  to  dichloromethane  solution  (20  ml) 
containing  Fmoc-Gly-OH  (1 .06  g,  3.57  mmol)  and  oxalyl  chloride  (0.62 
ml,  7.10  mmol)  at  0  °C.  After  3  h  of  stirring  at  room  temperature, 
dichloromethane  was  removed  under  nitrogen  atmosphere.  The  re¬ 
sulting  solid  residue  was  redissolved  in  dichloromethane  (8  ml)  and 
was  combined  with  5a-dihydrotestosterone  (0.18  g,  0.62  mmol)  and 
dimethylaminopyridine  (0.58  g,  4.75  mmol)  in  dichloromethane  (20  ml) 
at  0  °C.  The  reaction  mixture  was  stirred  overnight  at  room  temper¬ 
ature.  After  dichloromethane  was  removed  under  reduced  pressure, 
the  resulting  residue  was  flash-chromatographed  to  provide  DHT- 
Gly-Fmoc  (0.21  g,  0.37  mmol,  60%).  Next,  DHT-Gly-Fmoc  (0.12  g, 
0.21  mmol)  was  treated  with  tetrabutylammonium  fluoride  (0.3  ml,  1  m 
in  tetrahydrofuran)  at  room  temperature  for  20  min,  and  the  DMF  was 
removed  under  high  vacuum.  The  resulting  residue  was  flash-chro¬ 
matographed  to  provide  DHT-Gly-NH2  (white  solid,  49  mg,  0.14 
mmol,  67%).  Next,  disuccinimidyl  suberate  (0.27g,  0.73  mmol)  was 
added  to  DMF  solution  (1  ml)  containing  DHT-Gly-NH2  (49  mg,  0.14 
mmol)  at  room  temperature.  After  overnight  stirring,  DMF  was  re¬ 
moved  under  high  vacuum,  and  the  resulting  crude  product  was 
flash-chromatographed  to  give  DHT-Gly-monosuccinimidyl  suberate 
(70  mg,  0.12  mmol,  86%).  DHT-Gly-monosuccinimidyl  suberate  (5.5 
mg,  9.16  /xmol)  in  DMSO  (0.6  ml)  was  added  to  DMSO  solution  (1  ml) 
containing  kBa  phosphopeptide  (4.5  mg,  2.75  /xmol)  and  dimethyl¬ 
aminopyridine  (2.0  mg,  16.37  /xmol).  After  20  min  of  stirring  at  room 
temperature,  the  coupling  reaction  was  completed,  which  was  con¬ 
firmed  by  a  Kaiser  test.  DMF  was  removed  under  high  vacuum,  and 
the  resulting  crude  product  was  repeatedly  washed  with  dichio- 
romethane  and  methanol  to  remove  excess  DHT-Gly-monosuccinimi- 
dyl  suberate  to  give  the  final  product,  DHT-kBa  phosphopeptide  (3.5 
mg,  1.65  /xmol,  60%).  The  final  product  was  characterized  by  ES 
mass  spectrometry.  ES-MS  (M+H)+  for  fumagillol-Gly-suberate- 
HIF-1  a  octapeptide  was  2120  Da.  All  other  intermediates  were  char¬ 
acterized  by  500-MHz  1H  nuclear  magnetic  resonance  spectroscopy. 

Tissue  Culture  and  Transfections— 293T  cells  were  cultured  in  Dul- 
becco’s  modified  Eagle’s  medium  with  10%  (v/v)  fetal  bovine  serum 
(Life  Technologies,  Rockville,  MD),  penicillin  (100  units/ml),  strepto¬ 
mycin  (100  mg/ml),  and  L-glutamine  (2  itim).  Cells  were  split  1:5  the 
day  prior  to  transfection  and  transiently  transfected  with  40  /x g  of 
plasmid.  Cells  were  70%  confluent  in  100-mm  dishes  on  the  day  of 
transfection.  Cells  were  transfected  with  DNA  [20  /xg  of  pFLAG-Cull 
(RDB1347)  and  20  /xg  of  pFLAG-j3-TRCP  (RDB1189)]  using  calcium 
phosphate  precipitation  method  as  described  (7).  Cells  were  har¬ 
vested  30  h  after  transfection.  Five  micrograms  of  pGL-1,  a  plasmid 
containing  the  cytomegalovirus  promoter  linked  to  the  green  fluores¬ 
cent  protein  (GFP)  cDNA,  was  cotransfected  into  cells  at  the  same 
time  to  assess  transfection  efficiency.  Cells  were  greater  than  80% 
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GFP  positive  at  the  time  of  harvesting. 

Ubiquitination  Assays  with  ER— 293T  cell  pellets  were  lysed  with 
200  /xl  of  lysis  buffer  (25  mM  Tris-Cl,  pH  7.5,  150  mM  NaCI,  0.1% 
Triton  X-1 00,  5  mM  NaF,  0.05  mM  EGTA,  1  mM  phenylmethylsulfonyl 
fluoride).  Pellets  from  cells  transfected  with  vector,  pFLAG-j3-TRCP, 
or  pFLAG-Cu!-1  were  vortexed  for  10  s,  then  incubated  on  ice  for  15 
min.  After  centrifugation  at  13,000  rpm  in  an  Eppendorf  microfuge  for 
5  min  at  4  °C,  the  supernatant  was  added  to  20  fi)  of  FLAG  M2  beads 
(Sigma),  which  were  washed  with  lysis  buffer  three  times  before 
immunoprecipitation.  Lysates  were  incubated  with  the  beads  on  a 
rotator  for  2  h  at  4  °C,  followed  by  one  wash  with  buffer  A  (25  mM 
HEPES  buffer,  pH  7.4,  0.01%  Triton  X-100,  150  mM  NaCI)  and  one 
wash  with  buffer  B  (the  same  buffer  without  the  Triton  X-100).  Ubiq¬ 
uitination  assay  was  performed  by  mixing  rabbit  El  (0.2  ju,g.)  the  E2, 
Ubch5a  (0.8  fi g;  from  Boston  Biochem,  West  Bridgewater,  MA),  ubiq- 
uitin  (5  fig)  or  methyl  ubiquitin  (1 .5  fig),  Protac  (1 0  fiM  final  concen¬ 
tration  unless  otherwise  specified),  recombinant  ER  (260  ng;  from 
Invitrogen,  Carlsbad,  CA),  and  ATP  (1  mM  final  concentration)  in  total 
reaction  volume  of  5.0  /xl,  which  was  then  added  to  20  fi\  (packed 
volume)  of  washed  FLAG-M2  beads  (7).  Reactions  were  incubated  for 
1  h  at  30  °C  in  a  thermomixer  (Eppendorf,  Westbury,  NY)  with  inter¬ 
mittent  mixing.  SDS-PAGE  loading  buffer  was  added  to  terminate  the 
reactions.  Western  blot  analysis  was  performed  by  standard  methods 
using  polyclonal  anti-ER  antisera  (1:1000  dilution). 

Degradation  Experiments  with  Purified  Yeast  26S  Proteasome  - 
Ubiquitination  assays  were  performed  as  described  above.  Purified 
26S  yeast  proteasomes  (40  fi\  of  0.5  mg/ml)  were  added  to  the 
ubiquitinated  ER  on  beads  and  the  reaction  was  supplemented  with  6 
jLtl  of  1  mM  ATP,  2  jut  of  0.2  m  magnesium  acetate,  and  ubiquitin 
aldehyde  5  /am  final  concentration  as  previously  described  (16,  17). 
The  reaction  was  incubated  for  1 0  min  at  30  °C  with  occasional 
shaking  in  a  thermomixer.  For  proteasome  inhibition  studies,  purified 
yeast  26S  preparations  were  preincubated  45  min  at  30  °C  with  the 
metal  chelators  1,10  phenanthroline  or  1,7  phenanthroline  (Sigma)  at 
1  mM  final  concentration  prior  to  adding  to  ubiquitinated  ER. 

Microinjection  Experiments— 293  cells  were  transfected  with  a  plas¬ 
mid  that  expresses  GFP-AR  (kindly  provided  by  Charles  Sawyers, 
Howard  Hughes  Medical  Institute,  University  of  California,  Los  Angeles, 
CA)  as  described  above.  Cells  were  selected  with  G418  (600  /ig/ml) 
and  cultured  in  modified  essential  medium  with  penicillin,  streptomy¬ 
cin,  and  L-glutamine.  Prior  to  experiments,  cells  were  —60%  conflu¬ 
ent  in  6-cm  dishes.  Protac  diluted  to  10  /am  in  KCI  (200  mM)  with 
rhodamine  dextran  (molecular  mass  10,000  Da;  50  /ig/ml)  was  in¬ 
jected  into  cells  through  a  microcapillary  needle  using  a  pressurized 
injection  system  (Picospritzer  II;  General  Valve  Corporation,  Fairfield, 
NJ).  The  injected  volume  was  0.2  pi,  representing  5-10%  of  the  cell 
volume.  For  proteasome  inhibition  experiments,  cells  were  treated 
with  10  /am  epoxomicin  (Calbiochem,  La  Jolla,  CA)  for  4  h  or  coin¬ 
jected  with  epoxomicin  (10  /am)  and  Protac  (10  /am)  (18,  19).  Photo¬ 
graphs  were  taken  following  injection  using  a  Nikon  35  mm  camera 
(Nikon,  Melville,  NY).  GFP  and  rhodamine  fluorescence  were  visual¬ 
ized  with  a  Zeiss  fluorescent  microscope  (Zeiss,  Oberkochen, 
Germany). 

RESULTS 

Protacs  consisting  of  the  minimal  10-aa  peptide  (phospho- 
rylated  on  the  underlined  S  residues),  DRHDSGLDSM  co¬ 
valently  linked  to  either  estradiol  (E2;  Protac-2)  or  DHT  (Pro- 
tac-3),  were  synthesized  (Fig.  1).  We  first  performed  in  vitro 
ubiquitination  assays  with  both  Protacs,  but  focused  our 
efforts  on  Protac-2  due  to  problems  encountered  with  expres¬ 
sion  of  recombinant  AR.  To  determine  whether  Protac-2  pro¬ 
motes  the  ubiquitination  of  ER  by  SCFP'TRCP  in  a  concentration- 


dependent  manner,  we  performed  ubiquitination  assays  with 
increasing  concentrations  of  Protac  (Fig.  2 A).  ER  was  ubiq¬ 
uitinated  starting  at  a  concentration  of  0.1-1  /xm  Protac-2, 
with  maximal  efficiency  observed  at  5-10  /am.  At  500  /am,  we 
no  longer  observed  ubiquitination  of  ER  by  SCFp“trcp,  which 
may  be  due  to  a  “squelching”  phenomenon  wherein  the  pres¬ 
ence  of  excess  Protac-2  inhibits  competitively  the  formation 
of  heteromeric  ER-Protac-2-SCF  complexes.  Because  10  /am 
Protac-2  promoted  efficient  ubiquitination  of  ER,  we  contin¬ 
ued  to  use  this  concentration  for  the  remainder  of  our  studies 
(except  as  noted  below).  It  should  be  noted  that  we  consis¬ 
tently  observed  Cull -dependent  ubiquitination  of  ER  in  the 
absence  of  Protac-2  (e.g.  Fig.  2,  A  and  B,  lane  1).  This  may  be 
due  to  the  presence  of  an  ER-specific  SCF  ubiquitin  ligase  in 
the  Cull  precipitates.  Regardless,  these  Protac-independent 
conjugates  were  of  low  molecular  mass  and  clearly  distin¬ 
guishable  from  the  high  molecular  mass,  methyl  ubiquitin- 
sensitive  conjugates  induced  by  Protac-2  (e.g.  compare  lanes 
7,  3,  and  4  of  Fig.  2B). 

To  address  the  mechanism  of  action  of  Protac-2,  we  tested 
whether  the  IkB a  phosphopeptide  and  estradiol  individually 
can  compete  out  Protac-2,  and  whether  these  ligands  when 
added  together  as  free  compounds  can  mimic  the  action  of 
Protac-2.  A  10-fold  excess  of  either  kBa  phosphopeptide 
(Fig.  2D)  or  estradiol  (Fig.  2 E)  in  cells  completely  blocked  the 
ubiquitination-promoting  activity  of  1  /am  Protac-2.  More¬ 
over,  when  added  together  as  separate  compounds,  estra¬ 
diol,  and  IkB«  phosphopeptide  failed  to  reproduce  the  effect 
of  Protac-2  (Fig.  2C). 

These  results  are  consistent  with  our  hypothesis  that  Pro¬ 
tac-2  acts  as  a  bridging  molecule  in  that  the  estradiol  moiety 
associates  with  the  ER  while  the  other  moiety,  the  kBa  phos¬ 
phopeptide,  recruits  the  ER  to  the  SCF^“TRGP 

We  next  tested  the  specificity  of  Protac-mediated  ubiquiti¬ 
nation.  Ubiquitination  assays  with  ER  were  performed  in  the 
presence  of  either  Protac-2,  Protac-3,  or  a  Protac  (Protac-4) 
that  consisted  of  the  Zap70  phosphopeptide,  which  is  recog¬ 
nized  by  the  cbl  ubiquitin  ligase  (20)  and  ovalicin,  which  binds 
MetAP-2  (8).  As  shown  in  Fig.  2 F,  ER  was  not  ubiquitinated  by 
SCFp"trcp  in  the  presence  of  either  Protac-3  or  Protac-4. 

Not  all  ubiquitin-ubiquitin  linkages  are  able  to  sustain  tar¬ 
geting  to  the  proteasome  (21),  and  possibly  as  a  consequence 
substrates  ubiquitinated  under  the  relatively  artificial  condi¬ 
tions  encountered  in  reconstituted  systems  can  be  poor  sub¬ 
strates  for  the  proteasome  (22).  Thus,  we  sought  to  determine 
whether  ER-ubiquitin  conjugates  induced  by  Protac-2  were  rec¬ 
ognized  by  the  26S  proteasome.  To  answer  this  question,  pu¬ 
rified  yeast  26S  proteasome  (16)  was  added  to  ubiquitinated  ER 
formed  in  the  presence  of  SCF'3  TRCP  and  Protac-2.  Complete 
disappearance  of  high  molecular  mass  ubiquitin  conjugates 
was  observed  within  10  min  (Fig.  3 A)  and  was  partially  blocked 
by  the  metal  chelator  1,10  phenanthroline  (which  inhibits  the 
essential  Rpnl  1  isopeptidase  activity  of  the  proteasome),  but 
not  by  the  inactive  derivative  1,7  phenanthroline  (17)  (Fig.  3B). 
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Fig.  1 .  Protacs  to  target  the  ER  and 
AR  for  ubiquitination  and  degradation. 

A,  Protacs  consisting  of  the  UBa  phos- 
phopeptide  and  either  8,  estradiol  (E2)  or 
C,  dihydroxytestosterone  (DHT)  were 
synthesized  to  recruit  the  ER  and  AR, 
respectively,  to  the  SCF fi-TRCP  ubiquitin 
ligase. 


B. 


Our  results  with  the  kBa  phosphopeptide-estradiol  Protac  tions  and  be  ubiquitinated  and  degraded  in  vitro.  We  next 
demonstrated  that  a  medically  relevant  target  protein  can  be  wished  to  test  whether  a  Protac  could  promote  the  degrada- 
recruited  to  a  ubiquitin  ligase  through  noncovalent  interac-  tion  of  proteins  in  cells.  For  these  experiments  we  used  Pro- 


Molecular  &  Cellular  Proteomics  2. 12  1 353 


Targeting  Proteins  for  Ubiquitination  and  Degradation 


Protac  concentration 
&!  1  5  10  100  500 


Flag  Cut-  1/p-TRCf  4  4  4  4 

Pro  m  *  4  4-  4 

Ubiquitin  ■+  -  4  * 

Methyl  ubiquitin  -  -  -  4 

ER  4  4  4  4 


C.  Flag  CtiM/p  TRCP  4  4 
Protac  4  * 
Estradiol  -  4 
IkBcc  phosphopeptide  *  4 
Ubiquitin  4  4 
ER  4  4 


Protac  (IjiM)  %mmm  Protac  (l|iM) 

4  4 

iKBa  phosphopeptide  (pM)  Estradiol  (pM) 

0  IQ  100 

0  1000  100  10  1  10  4-  hcmpeptm  - - - - - 


Flag  OuI-l/p-TRCP  • 
iKBa  phcnphopeptide-eMradtol  Protac  4 
ZapTO-ovalicin  Protac  * 
IkBcx  phosphopeptide-dihydroxytestostcrotte  Protac  * 

Ubiquitin  4 


Fig.  2.  Protac-2  activates  ubiquitination  of  ER  in  vitro.  A,  dose-dependent  stimulation  of  ER  ubiquitination  by  Protac-2.  Purified  ER  was 
incubated  with  recombinant  El,  E2,  ATP,  ubiquitin,  and  immobilized  SCFp'trcp  isolated  from  animal  cells  by  virtue  of  FLAG  tags  on 
cotransfected  Cull  and  p-TRCP.  Reactions  were  supplemented  with  the  indicated  concentration  of  Protac-2,  incubated  for  60  min  at  30  °C, 
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Fig.  3.  Ubiquitinated  ER  is  degraded  by  the  26S  proteasome.  A, 

Ubiquitination  reactions  performed  as  described  in  the  legend  to  Fig. 
2A  were  supplemented  with  purified  yeast  26S  proteasomes.  Within 
10  min,  complete  degradation  of  ER  was  observed.  B,  Purified  26S 
proteasome  preparations  were  preincubated  in  1,10  phenanthroline 
(1  mM)  or  1,7  phenanthroline  (1  mM)  prior  to  addition.  The  metal 
chelator  1,10  phenanthroline  inhibits  the  Rpnl  1 -associated  deubiq- 
uitinating  activity  that  is  required  for  substrate  degradation  by  the 
proteasome.  Degradation  of  ER  was  inhibited  by  addition  of  1,10 
phenanthroline,  but  not  the  inactive  derivative  1,7  phenanthroline. 

tac-3,  because  we  encountered  technical  difficulties  in  work¬ 
ing  with  cells  that  transiently  expressed  an  ER-based  reporter 
protein  and  because  a  293  cell  line  that  stably  expresses 
AR-GFP  (293ar"gfp)  was  readily  available  to  us.  We  employed 
microinjection  because  the  phosphate  groups  on  the  Ik Ba 
phosphopeptide  preclude  its  efficient  uptake  into  cells. 
293ar_gfp  cells  were  injected  with  Protac-3  (10  /am  stock;  1 
/am  final)  and  monitored  for  presence  or  absence  of  GFP  by 
fluorescence  microscopy.  A  time  course  was  performed,  and 
maximal  GFP-AR  degradation  was  observed  1  h  after  injec¬ 
tion  of  Protac  (data  not  shown;  Fig.  4A).  We  observed  that  the 
majority  of  cells  injected  with  Protac  expressed  decreased 
levels  of  GFP  (Fig.  46).  This  decrease  was  not  due  to  GFP-AR 
leakage  because  cells  coinjected  with  rhodamine  were  not 
affected  after  1  h  (indicated  by  the  pink  stained  cells  shown  in 
Fig.  4).  To  quantify  the  degree  of  GFP-AR  degradation,  we 
counted  over  200  cells  and  determined  the  relative  decrease 
in  GFP-AR  signal  1  h  following  injection  (Fig.  46).  Greater  than 
70%  of  cells  demonstrated  minimal,  partial,  or  complete  dis¬ 
appearance  of  GFP-AR.  In  all  experiments,  only  cells  that 
continued  to  be  rhodamine  positive  after  1  h  were  counted. 
Each  experiment  was  performed  on  at  least  2  separate  days 
with  30-50  cells  injected  per  experiment.  Injection  of  rhoda¬ 
mine  or  200  mM  KCI  buffer  alone  did  not  result  in  disappear¬ 
ance  of  GFP  from  293AR_GFP  cells  (data  not  shown). 


We  further  verified  that  the  linkage  of  phosphopeptide  and 
DHT  was  required  for  GFP-AR  degradation.  Coinjection  of 
free  kBa  phosphopeptide  and  testosterone  (10  /am  each)  into 
293  cells  did  not  result  in  decreased  GFP  signal  (Fig.  4C), 
indicating  that  intact  Protac  is  necessary  to  promote  deg¬ 
radation  of  GFP-AR.  To  determine  whether  GFP-AR  degra¬ 
dation  was  dependent  on  kBa  phosphopeptide  and  testos¬ 
terone  binding  to  their  respective  targets,  we  coinjected 
Protac-3  (10  /am)  with  a  10-fold  molar  excess  (100  /am)  of 
free  phosphopeptide  (Fig.  4D)  or  testosterone  (Fig  4 E)  into 
293ar|gfp  cells.  In  both  cases,  degradation  of  GFP-AR  was 
inhibited.  All  experiments  were  performed  on  three  separate 
days  with  20-30  cells  injected  per  experiment.  The  results 
shown  are  representative  of  the  phenotype  in  greater  than 
70%  of  cells  counted.  Taken  together,  these  data  support  the 
hypothesis  that  Protac-3  induced  AR-GFP  degradation  by 
targeting  AR-GFP  to  SCF^trcp. 

To  determine  whether  the  disappearance  of  GFP-AR  was 
proteasome  dependent,  293AR"GFP  cells  were  treated  with  the 
proteasome  inhibitor  epoxomicin  for  4  h  prior  to  injection  with 
Protac-3  (10  /am)  (Fig.  4 E).  In  cells  treated  with  epoxomicin, 
GFP-AR  was  not  degraded,  suggesting  that  the  Protac  me¬ 
diates  degradation  through  a  proteasome-dependent  path¬ 
way.  Cells  were  also  coinjected  with  Protac  (10  /am)  and 
epoxomicin  (1 0  /am)  in  the  absence  of  pretreatment  resulting  in 
inhibition  of  GFP-AR  degradation  (data  not  shown).  The  result 
shown  is  representative  of  experiments  performed  on  3  dif¬ 
ferent  days  with  at  least  30  cells  injected  per  day. 

As  demonstrated  previously  (Fig.  2 F),  the  kBa  phos- 
phopeptide-estradiol  Protac -2,  but  not  Protac-3,  specifically 
induces  ubiquitination  of  ER  in  vitro.  The  specificity  is  depend¬ 
ent  on  the  ability  of  Protac -2  to  be  recognized  by  the  ubiquitin 
ligase  as  well  as  its  ability  to  bind  to  ER.  The  same  specificity 
of  Protac  action  appears  to  hold  true  in  cells,  because  Pro- 
tac-2,  unlike  Protac-3,  does  not  induce  degradation  of 
GFP-AR  (Fig.  4G). 

DISCUSSION 

The  ubiquitin-proteasome  pathway  rapidly,  efficiently,  and 
selectively  ubiquitinates  and  degrades  targeted  polypeptides. 
Many  signaling  processes  critical  to  the  biology  of  normal  and 
diseased  cells  are  regulated  by  ubiquitin-dependent  proteol¬ 
ysis,  including  exit  from  M  phase  of  the  cell  cycle  and  initiation 
of  innate  immune  response,  which  are  respectively  controlled 
by  degradation  of  cyclin  B  and  the  NF-kB  regulator  kBa  (23, 
24).  To  harness  the  power  of  the  ubiquitin-proteasome  path¬ 
way  for  therapeutic  purposes,  we  are  developing  Protacs  to 


and  monitored  by  SDS-PAGE  followed  by  immunoblotting  with  an  anti-ER  antibody.  B,  Protac-2  induces  assembly  of  high  molecular  weight 
multiubiquitin  chains  on  ER.  Same  as  A,  except  that  methyl  ubiquitin  was  added  in  the  place  of  ubiquitin  {lane  4).  C,  estradiol  and  kBa 
phosphopeptide  must  be  covalently  linked  to  promote  ER  ubiquitination.  The  reaction  was  as  described  in  A,  except  that  kBa  phosphopeptide 
and  estradiol  (5  /am)  were  separately  added  to  the  ubiquitination  reaction  instead  of  Protac-2.  D  and  E,  free  kBa  phosphopeptide  (D)  and 
estradiol  (E)  compete  out  Protac  activity.  Same  as  A,  except  that  Protac-2  was  used  at  1  /am.  Increasing  amounts  of  kBa  phosphopeptide 
{lanes  2-5)  or  10  /am  of  kBa  peptide  that  is  unphosphorylated  {lane  6,  arrow)  was  added  to  ubiquitination  reaction.  E,  Protacs  are  target  specific. 
Same  as  A,  except  that  ZAP70-ovalicin  and  kBa  phosphopeptide-DHT  Protacs  were  used  in  place  of  Protac-2,  as  indicated. 
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Fig.  4.  Microinjection  of  Protac 
leads  to  GFP-AR  degradation  in  cells. 

Protac-3  (10  /am  in  the  microinjection 
needle)  was  introduced  using  a  Pico- 
spritzer  If  pressurized  microinjector  into 
293ar'gfp  cells  in  a  solution  containing 
KCI  (200  mM)  and  rhodamine  dextran  (50 
/Ag/ml).  Approximately  10%  of  total  cell 
volume  was  injected.  A,  Protac-3  in¬ 
duces  GFP-AR  disappearance  within  60 
min.  The  top  panels  show  cell  morphol¬ 
ogy  under  light  microscopy  overlaid  with 
images  of  cells  injected  with  Protac  as 
indicated  by  rhodamine  fluorescence 
(pink).  The  bottom  panels  show  images 
of  GFP  fluorescence.  By  1  h,  GFP  signal 
disappeared  in  almost  all  microinjected 
cells.  To  quantitate  these  results,  we  in¬ 
jected  over  200  cells  and  classified  the 
degree  of  GFP  disappearance  as  being 
either  none  (7),  minimal  (2),  partial  (3),  or 
complete  (4).  Examples  from  each  cate¬ 
gory  and  the  tabulated  results  are  shown 
in  B.  These  results  were  reproducible  in 
three  independent  experiments  per¬ 
formed  on  separate  days  with  30-50 
cells  injected  per  day.  C,  Same  as  A, 
except  that  293  cells  expressing 
GFP-AR  were  microinjected  with  free 
IkB«  phosphopeptide  {h<Bapp)  plus  tes¬ 
tosterone  (test).  D~F,  Same  as  A,  except 
that  293ar‘gfp  cells  were  microinjected 
with  Protac  (10  /am)  plus  10-fold  molar 
excess  (100  /am)  of  IkB«  phosphopep¬ 
tide  (i hcBcepp )  (D),  testosterone  (test)  (£), 
or  proteasome  inhibitor  epoxomicin  (10 
/am)  (F).  G,  Same  as  A,  except  that 
293ar  gfp  cells  were  microinjected  with 
Protac-2.  The  controls  shown  in  C-G 
confirm  that  Protac-dependent  turnover 
of  AR-GFP  depended  on  intact  Protac 
and  was  both  saturable  and  specific. 


recruit  proteins  to  ubiquitin  ligases  to  promote  their  ubiquiti¬ 
nation  and  degradation.  An  important  aspect  of  the  Protacs 
approach  is  that  it  in  theory  can  be  applied  to  any  protein  in 
the  cytoplasm  or  nucleus  of  a  diseased  cell,  and  thus  may 
enable  the  development  of  therapeutics  against  a  large  frac¬ 


tion  of  proteins  in  the  proteome.  The  linchpin  of  our  approach 
is  a  heterobifunctional  small  molecule  (i.e.  Protac)  that  serves 
as  a  bridge  to  link  a  target  protein  to  a  ubiquitin  ligase. 
Previously,  we  demonstrated  that  a  Protac  comprising  a 
phosphopeptide  that  binds  SCFP_TRGP  and  a  small  molecule 
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(ovalicin)  that  binds  MetAP-2  activates  the  ubiquitination  of 
MetAP-2  by  SCFP_TRCP  ubiquitin  ligase  in  vitro ,  and  conse¬ 
quently  targets  MetAP-2  for  degradation  by  the  proteasome  in 
frog  extract  (7). 

Our  goals  in  the  current  work  were  to  show  that  Protacs  can 
increase  the  turnover  of  a  given  target  protein  in  cells,  and  to 
extend  the  Protacs  approach  to  proteins  that  play  a  causal 
role  in  human  diseases.  We  chose  the  estrogen  and  androgen 
receptors  for  our  current  studies  due  to  their  well-character¬ 
ized  association  with  estrogen  and  androgen,  respectively. 
Furthermore,  both  receptors  have  been  associated  with  the 
development  and  progression  of  cancer. 

The  results  reported  here  indicate  that  Protacs  operate  by  a 
bridging  mechanism  to  enable  efficient  and  specific  down- 
regulation  of  ER  in  vitro  and  AR  in  cells.  From  our  in  vitro  data, 
it  is  apparent  that  Protacs  can  be  developed  against  different 
targets  (MetAP-2,  ER,  and  AR),  and  that  Protacs  promote 
ubiquitination  of  these  targets  in  a  manner  that  is  both  target 
selective  and  dose  dependent. 

From  microinjection  experiments,  it  is  clear  that  Protacs 
can  activate  AR  turnover  in  the  context  of  the  cellular  degra¬ 
dation  machinery.  This  degradation  was  also  found  to  be 
specific  and  dependent  on  both  components  of  the  Protac 
molecule.  Moreover,  the  proteasome  inhibitor  epoxomicin 
blocked  the  ability  of  Protacs  to  promote  AR  turnover,  sug¬ 
gesting  that  the  degradation  is  proteasome  specific  and  not 
due  to  alternative  pathways,  such  as  those  involving  lyso- 
somes,  or  due  to  other  proteases,  such  as  caspases. 

To  deliver  Protacs  to  cells  in  the  experiments  described 
here,  we  employed  microinjection  due  to  the  impermeability 
of  the  SCFp-TRGP-binding  kBa  phosphopeptide  moiety.  A  key 
remaining  challenge  for  Protac  technology  is  to  develop  cell 
permeable  molecules  that  can  be  used  to  test  for  efficacy  in 
cell  and  animal  models  of  cancer.  Ongoing  work  in  our  labo¬ 
ratories  suggests  that  Protacs  based  on  the  hydroxyproline 
motif  of  HIF1-a  may  be  used  to  target  ubiquitination  and 
degradation  of  proteins  in  cells  through  the  von-Hippel- 
Lindau  ubiquitin  ligase  pathway.2 

We  postulate  that  many  Protac  compounds  can  be  gener¬ 
ated  to  treat  a  variety  of  diseases.  First  of  all,  hundreds  of 
putative  ubiquitin  ligases  that  can  be  exploited  as  agents  of 
Protac  action  have  been  uncovered  by  the  Human  Genome 
Project.  Second,  it  is  important  to  note  that  Protacs  should 
not  be  limited  to  receptors  with  well-defined  ligands  such  as 
AR  and  ER.  In  theory,  any  protein  that  binds  a  small  molecule 
through  high  affinity  interactions  can  be  a  candidate  target. 
Our  studies  suggest  that  Protacs  technology  is  not  only  fea¬ 
sible,  but  warrants  further  exploration  as  an  alternative  to 
conventional  pharmacologic  inhibition  of  proteins  that  pro¬ 
mote  human  disease.  Current  treatment  of  cancer  includes 
drugs  that  nonspecifically  inhibit  the  cell  cycle,  DNA  repair, 


2  K.  M.  Sakamoto,  R.  J.  Deshaies,  and  C.  M.  Crews,  manuscript  in 
preparation. 


and  metabolism.  Protacs  provide  a  means  of  specifically  tar¬ 
geting  a  protein  that  is  known  to  regulate  abnormal  growth 
and  survival  of  cancer  cells,  in  much  the  same  way  that 
Gleevec  improves  the  survival  of  chronic  myelogenous  leuke¬ 
mia  patients  by  inhibiting  the  causative  agent  breakpoint  clus¬ 
ter  region-abelson  murine  leukemia  (25).  The  hope  is  that  by 
developing  a  generic  method  that  enables  us  to  target  the 
proteins  responsible  for  the  malignant  phenotype,  regardless  of 
their  mechanism  of  action  or  functional  attributes,  it  will  be 
possible  to  combat  cancer  while  sparing  damage  to  normal 
cells. 
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Abstract:  Genetic  loss  of  function  analysis  is  a  powerful  method  for  the  study  of  protein  function.  However, 
some  cell  biological  questions  are  difficult  to  address  using  traditional  genetic  strategies  often  due  to  the 
lack  of  appropriate  genetic  model  systems.  Here,  we  present  a  general  strategy  for  the  design  and  syntheses 
of  molecules  capable  of  inducing  the  degradation  of  selected  proteins  in  vivo  via  the  ubiquitin-proteasome 
pathway.  Western  blot  and  fluorometric  analyses  indicated  the  loss  of  two  different  targets:  green  fluorescent 
protein  (GFP)  fused  with  FK506  binding  protein  (FKBP12)  and  GFP  fused  with  the  androgen  receptor 
(AR),  after  treatment  with  PROteolysis  TArgeting  Chimeric  molecules  (PROTACS)  incorporating  a  FKBP12 
ligand  and  dihydrotestosterone,  respectively.  These  are  the  first  in  vivo  examples  of  direct  small  molecule- 
induced  recruitment  of  target  proteins  to  the  proteasome  for  degradation  upon  addition  to  cultured  cells. 
Moreover,  PROTAC-mediated  protein  degradation  offers  a  general  strategy  to  create  “chemical  knockouts,” 
thus  opening  new  possibilities  for  the  control  of  protein  function. 


Introduction 

The  selective  loss  of  critical  cellular  proteins  and  subsequent 
analysis  of  the  resulting  phenotypes  have  proven  to  be  extremely 
useful  in  genetic  studies  of  in  vivo  protein  function.  In  recent 
years,  genetically  modified  knockout  cell  lines  and  animals  have 
allowed  biological  research  to  advance  with  unprecedented 
speed.  Chemical  genetic  approaches,  using  small  molecules  to 
induce  changes  in  cell  phenotype,  are  complementary  to  tra¬ 
ditional  genetics.  Many  chemical  genetic  strategies  use  knowl¬ 
edge  gained  from  natural  product  mode  of  action  studies,1-3 
while  others  employ  chemical  inducers  of  dimerization  to  ma¬ 
nipulate  intracellular  processes.4-7  To  date,  however,  there  have 
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been  few  attempts  to  design  small  molecules  which  induce  the 
destruction  (rather  than  inhibition)  of  a  targeted  protein  in  an 
otherwise  healthy  cell.  Access  to  such  reagents  would  provide 
a  chemical  genetic  alternative  to  the  traditional  ways  of  inter¬ 
fering  with  protein  function,  resulting  in  “chemical  knockouts”. 
Importantly,  a  small  molecule  capable  of  inducing  this  process 
could  do  so  without  any  genetic  manipulation  of  the  organism, 
thus  allowing  one  to  target  proteins  that  are  not  readily  accessible 
by  traditional  genetic  means  (i.e.,  genes  essential  for  proliferation 
and  early  development). 

Protein  expression  can  be  described  as  occurring  on  three 
levels:  DNA,  RNA,  and  post-translation.  Consequently,  inter¬ 
ference  with  protein  function  may  be  approached  from  each  of 
these  levels.  Genetic  knockouts  disrupt  protein  function  at  the 
DNA  level  by  directly  inactivating  the  gene  responsible  for  a 
protein  product.  On  the  RNA  level,  removal  of  a  protein  of 
interest  may  be  accomplished  by  RNA  interference  (RNAi). 
RNAi  causes  the  degradation  of  mRNA  within  the  cell,  pre¬ 
venting  the  synthesis  of  a  protein,  and  often  resulting  in  a 
“knockdown”  or  total  knockout  of  protein  levels.  Interference 
with  gene  products  at  the  post-translational  level  would  involve 
degradation  of  the  protein  after  it  has  been  completely  expressed. 
To  date,  interference  with  proteins  on  the  post-translation  level 
is  the  least  explored. 

In  principle,  targeted  proteolytic  degradation  could  be  an 
effective  way  to  accomplish  the  removal  of  a  desired  gene 
product  at  the  post-translational  level.  Given  the  central  role  of 
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the  ubiquitin— proteasome  pathway  in  protein  degradation  within 
the  cell,8  reagents  capable  of  redirecting  the  substrate  specificity 
of  this  pathway  would  be  useful  as  experimental  tools  for 
modulating  cellular  phenotype  and  potentially  act  as  drugs  for 
inducing  the  elimination  of  disease-promoting  proteins.  We 
present  here  a  general  strategy  for  designing  molecules  capable 
of  inducing  the  proteolysis  of  a  targeted  protein  via  the  ubi¬ 
quitin— proteasome  pathway,  as  well  as  the  first  evidence  that 
such  molecules  are  effective  upon  addition  to  living  cells. 

Protein  degradation,  like  protein  synthesis,  is  an  essential  part 
of  normal  cellular  homeostasis.  As  the  major  protein  degradation 
pathway,  the  ATP-dependent  ubiquitin— proteasome  pathway 
has  been  implicated  in  the  regulation  of  cellular  processes  as 
diverse  as  cell  cycle  progression,9  antigen  presentation,10  the 
inflammatory  response,11  transcription,12  and  signal  transduc¬ 
tion.13  The  pathway  involves  two  discrete  steps:  (i)  the  specific 
tagging  of  the  protein  to  be  degraded  with  a  polyubiquitin  chain 
and  (ii)  the  subsequent  degradation  of  the  tagged  substrate  by 
the  26S  proteasome,  a  multicatalytic  protease  complex.  Ubi¬ 
quitin,  a  highly  conserved  76  amino  acid  protein,14  is  conjugated 
to  the  target  protein  by  a  three-part  process.  First,  the  C-terminal 
carboxyl  group  of  ubiquitin  is  activated  by  a  ubiquitin-activating 
enzyme  (El).  The  thioester  formed  by  attachment  of  ubiquitin 
to  the  El  enzyme  is  then  transferred  via  a  transacylation  reaction 
to  an  ubiquitin-conjugating  enzyme  (E2).  Finally,  ubiquitin  is 
transferred  to  a  lysine  (or,  less  commonly,  the  amino  terminus) 
of  the  protein  substrate  that  is  specifically  bound  by  an  ubiquitin 
ligase  (E3).15  Successive  conjugation  of  ubiquitin  to  internal 
lysines  of  previously  added  ubiquitin  molecules  leads  to  the 
formation  of  polyubiquitin  chains.16  The  resulting  polyubi- 
quitinated  target  protein  is  then  recognized  by  the  26S  protea¬ 
some,  whereupon  ubiquitin  is  cleaved  off  and  the  substrate 
protein  threaded  into  the  proteolytic  chamber  of  the  proteasome. 
Importantly,  substrate  specificity  of  the  ubiquitin— proteasome 
pathway  is  conferred  by  the  E3  ligases.  Each  E3  ligase  or 
recognition  subunit  of  a  multiprotein  E3  ligase  complex  binds 
specifically  to  a  limited  number  of  protein  targets  sharing  a 
particular  destruction  sequence.  The  destruction  sequence  may 
require  chemical  or  conformational  modification  (e.g.,  phos¬ 
phorylation)  for  recognition  by  E3  enzymes.17’18 

Recently,  we  demonstrated  a  strategy  for  inducing  the  ubi- 
quitination  and  ensuing  proteolytic  degradation  of  a  targeted 
protein  in  vitro.  This  approach  uses  heterobifunctional  mole¬ 
cules  known  as  PROteolysis  TArgeting  Chimeric  moleculeS 
(PROTACS),  which  comprise  a  ligand  for  the  target  protein,  a 
linker  moiety,  and  a  ligand  for  an  E3  ubiquitin  ligase.19  In  that 
proof  of  principle  experiment  the  degradation  of  a  stable  protein, 
methionine  aminopeptidase  2  (MetAP-2),  was  induced  in  a 
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Figure  1.  Targeted  proteolysis  using  a  PROTAC  molecule.  Ub  =  ubiquitin, 
target  =  target  protein,  E3  —  E3  ubiquitin  ligase  complex,  and  E2  =  E2 
ubiquitin  transfer  enzyme. 


cellular  lysate  upon  the  addition  of  a  PROTAC  (referred  to  as 
PROTAC- 1)  consisting  of  the  known  MetAP-2  ligand,  ovalicin, 
joined  to  a  peptide  ligand  for  the  ubiquitin  ligase  complex 
SCF/n^p  bridging  MetAP-2  and  an  E3  ligase,  PROTAC- 1 
initiated  the  ubiquitination  and  proteasome-mediated  degradation 
of  MetAP-2  (Figure  1).  We  have  also  recently  shown  that  an 
estradiol-based  PROTAC  (PROTAC-2)  could  promote  the 
ubiquitination  of  the  human  estrogen  receptor  (hERa)  in  vitro. 
Furthermore,  a  dihydrotestosterone  (DHT)-based  PROTAC 
(PROTAC-3),  when  microinjected  into  cells,  was  capable  of 
inducing  the  degradation  of  the  androgen  receptor.20  Encouraged 
by  our  success  with  PROTACS-1,  —2,  and  —3,  we  next  directed 
our  efforts  toward  the  design  of  molecules  capable  of  inducing 
proteolysis  simply  upon  addition  to  cells.  Additionally,  the 
design  of  new  PROTACS  takes  into  account  the  desire  to  mini¬ 
mize  the  amount  of  molecular  biological  manipulations  neces¬ 
sary  to  effect  degradation  to  perturb  the  system  as  little  as  pos¬ 
sible  outside  the  desired  degradation. 

Results 

Development  of  a  Cell  Permeable  PROTAC:  PROTAC- 

4.  For  the  design  of  PROT AC-4,  we  used  a  protein  target/ligand 
pair  developed  by  ARIAD  Pharmaceuticals.  The  F36V  mutation 
of  FK506  binding  protein  (FKBP12)  generates  a  “hole”  into 
which  the  artificial  ligand  AP21998  (1)  fits  via  a  hydrophobic 
“bump,”  thus  conferring  specificity  of  this  particular  ligand  to 
the  mutant  FKBP  over  the  wild-type  protein.21’22  Inclusion  of 
AP21998  as  one  domain  of  PROTAC-4  thus  allows  it  to  target 
(F36V)FKBP12  proteins  orthogonally,  without  disrupting  en¬ 
dogenous  FKBP  12  function.  Given  the  lack  of  small-molecule 
E3  ubiquitin  ligase  ligands,  the  seven  amino  acid  sequence 
ALAPYIP  was  chosen  for  the  E3  recognition  domain.  This 
sequence  has  been  shown  to  be  the  minimum  recognition 
domain  for  the  von  Hippel— Lindau  tumor  suppressor  protein 
(VHL),23  part  of  the  VBC— Cul2  E3  ubiquitin  ligase  complex. 
Under  normoxic  conditions,  a  proline  hydroxylase  catalyzes  the 
hydroxylation  of  hypoxia  inducible  factor  la  (HIFla)  at  P56424 
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Scheme  1.  Synthesis  of  the  AP21998/HIF1  a-Based  PROTAC3 


a  (i)  H2N(CH2)5C02Bn,  EDCI,  DMAP.  (ii)  H2,  Pd/C.  (iii)  H2N(CH2)5CONH-ALAPYIP-(D-Arg)8-NH2,  PyBrOP,  DIPEA,  DMF. 


(the  central  proline  in  the  ALAPYIP  sequence),  resulting  in 
recognition  and  polyubiquitination  by  VHL.  HIFla  is  thus 
constitutively  ubiquitinated  and  degraded  under  normoxic  con¬ 
ditions.25*26  Finally,  a  poly-D-arginine  tag  was  included  on  the 
carboxy  terminus  of  the  peptide  sequence  to  confer  cell  per¬ 
meability  and  resist  nonspecific  proteolysis.  Polyarginine  se¬ 
quences  fused  to  proteins  have  been  shown  to  facilitate  trans¬ 
location  into  cells27*28  via  a  mechanism  that  mimics  that  of  the 
Antennapedia29  and  HIV  Tat  proteins.30  Because  a  molecule 
fused  to  the  polyarginine  sequence  should  in  principle  be  cell 
permeable,  the  necessity  of  PROTAC  microinjection  is  circum¬ 
vented.  This  design  element  also  allows  greater  flexibility  in 
the  types  of  ligands  that  could  be  used  in  future  PROTACs, 
since  polarity  of  the  compound  is  no  longer  an  issue  for 
membrane  permeability.  It  was  hypothesized  that  PROTAC-4 
would  enter  the  cell,  be  recognized  and  hydroxylated  by  a  prolyl 
hydroxylase,  and  subsequently  be  bound  by  both  the  VHL  E3 
ligase  and  the  mutant  FKBP12  target  protein.  PROTAC- 
mediated  recruitment  of  FKBP12  to  the  VBC— Cul2  E3  ligase 
complex  would  be  predicted  to  induce  FKBP12  ubiquitination 
and  degradation  as  in  Figure  1 . 

The  F36V  FKBP12  ligand  AP21998  (1)  was  synthesized  as 
previously  described,21*22  as  an  approximately  1:1  mixture  of 
diastereomers  at  C9.  Treatment  of  1  with  the  benzyl  ester  of 
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aminocaproic  acid  followed  by  removal  of  the  benzyl  group 
afforded  2  in  85%  crude  yield  after  two  steps.  It  is  important  to 
note  that  although  this  material  was  carried  through  as  a  mixture 
of  two  diastereomers  at  C9,  each  diastereomer  has  previously 
been  shown  to  bind  to  the  target.22  Standard  peptide  coupling 
conditions  were  used  to  label  the  peptide  sequence.  HPLC 
purification  yielded  3  (PROTAC-4)  with  17%  recovery  from  1 
(Scheme  1). 

To  monitor  the  abundance  of  the  targeted  protein,  a  vector 
capable  of  expressing  the  mutant  FKBP12  fused  to  enhanced 
green  fluorescent  protein  (EGFP)  was  generated.  In  this  way, 
proteolysis  of  FKBP12  could  be  monitored  by  loss  of  intrac¬ 
ellular  fluorescence.  This  vector  was  then  used  to  generate  a 
HeLa  cell  line  stably  expressing  the  EGFP— (F36V)FKBP12. 
Bright  field  and  fluorescent  photographs  of  the  cells  were  taken 
before  and  2.5  h  after  treatment  with  PROTAC-4  (3).  As  shown 
in  Figure  2A— D,  EGFP— FKBP12  was  retained  in  those  cells 
treated  with  DMSO,  but  lost  in  cells  treated  with  25  //M 
PROTAC-4  for  2.5  h.  Western  blot  analysis  of  cells  treated  with 
PROTAC-4  also  indicated  loss  of  EGFP— FKBP12  relative  to 
an  equal  number  of  cells  treated  with  DMSO  (Figure  21).  As  a 
control,  cells  were  treated  with  uncoupled  1  and  the  HIF- 
polyarginine  peptide  fragment  (Figure  2E,F).  These  cells  re¬ 
tained  fluorescence,  indicating  that  the  two  domains  require  a 
chemical  bond  to  each  other  to  exert  a  biological  effect.  To 
investigate  whether  VHL  was  required  for  PROTAC-4-mediated 
EGFP— FKBP12  degradation,  the  renal  carcinoma  cell  line  786- 
O31  was  used.  786-0  cells  failed  to  produce  VHL  protein  and 
thus  lack  a  functional  VBC— Cul2  E3  ligase  complex.  786-0 
cells  stably  expressing  the  degradation  substrate  EGFP— 
FKBP12  retained  fluorescence  despite  treatment  with  25  fi M 
PROTAC-4  for  2.5  h  (Figure  2G,H),  confirming  that  the  E3 
ligase  is  required  for  PROTAC-4  activity.  Finally,  similar  cell 
density  and  morphology  in  bright  field  images  before  (Figure 
21)  and  after  (Figure  2J)  treatment  with  25  /*M  PROTAC-4  for 
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K  DMSO  PROTAC-4 

EGFP-FKBP12 
“  (F36V) 
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Figure  2.  PROTAC-4  (3)  mediates  EGFP— FKBP  degradation  in  a  VHL- 
dependent  manner.  No  change  in  fluorescence  is  observed  before  (A)  and 
2.5  h  after  (B)  treatment  in  DMSO  control,  while  a  significant  change  is 
observed  between  before  (C)  and  2.5  h  after  (D)  treatment  with  25  juM  3. 
Cells  treated  with  25  (jM  1  and  25  fiM  HIF-(D-Arg)8  peptide  show  no 
difference  before  (E)  and  2.5  h  after  (F)  treatment.  786-Oegfp_fkbp  cells 
do  not  lose  fluorescence  before  (G)  or  2.5  h  after  (H)  treatment  with  25 
{M  3.  Bright  field  images  of  cells  before  (I)  and  2.5  h  after  (J)  treatment 
with  25  /zM  1  affirm  constant  cell  density  and  morphology.  Western  blot 
analysis  (K)  with  monoclonal  anti-GFP  antibodies  confirms  loss  of  EGFP— 
FKBP  in  cells  treated  with  25  fiM  3  (PROTAC-4)  for  2.5  h  compared  to 
an  equal  load  from  vehicle  (DMSO)  treated  cells. 

2.5  h  confirm  that  cells  are  capable  of  surviving  treatment  with 
a  PROTAC  molecule. 

Implementation  of  a  DHT-Based  PROTAC:  PROTAC- 

5.  To  test  the  robustness  of  this  approach  for  the  induction  of 


Scheme  2.  Synthesis  of  a  DHT/HIF1  a-Based  PROTAC 
(PROTAC-3)3 


5 


*  (i)  H2N(CH2)5CONH-ALAPYIP-(D-Arg)8-NH2,  EDCI,  DMAP,  DMF. 

intracellular  protein  degradation,  we  next  used  a  well  understood 
protein-ligand  pair  which  occurs  in  nature.  The  testosterone/ 
androgen  receptor  pair  was  particularly  attractive  because  it  has 
been  shown  that  the  androgen  receptor  (AR)  can  promote  the 
growth  of  prostate  tumor  cells,  even  in  some  androgen- 
independent  cell  lines.32  In  those  same  cell  lines,  it  has  been 
shown  that  inhibition  of  AR  represses  growth.32  We  hypoth¬ 
esized  that  a  PROTAC  could  be  utilized  to  degrade  AR,  poten¬ 
tially  yielding  a  novel  strategy  to  repress  tumor  growth.  With 
this  in  mind,  the  design  of  PROTAC-5,  5,  contains  DHT  as  the 
ligand  for  AR  as  well  as  the  HIF-polyarginine  peptide  sequence 
which  was  successful  with  PROTAC-4.  Known  DHT  derivative 
433  was  successfully  coupled  to  the  HIF-polyarginine  peptide 
with  standard  peptide  coupling  conditions  (Scheme  2).  To 
monitor  protein  degradation  by  fluorescence  analysis,  HEK293 
cells  stably  expressing  GFP-AR  (293GFP_AR)  were  treated  with 
increasing  concentrations  of  PROTAC-5.  Within  1  h,  a  signifi¬ 
cant  decrease  in  GFP-AR  signal  was  observed  in  cells  treated 
with  100,  50,  and  25  (jM  PROTAC-5,  but  not  in  the  DMSO 
control  (Figure  3,  parts  A— F,  I,  L).  Western  blot  analysis  with 
anti-AR  antisera  verified  the  downregulation  of  GFP-AR  in  cells 
treated  with  25  fiM  PROTAC-5  compared  to  DMSO  control  or 
nontreated  cells  (Figure  3M).  PROTAC-5  concentrations  lower 
than  25  //M  did  not  result  in  GFP-AR  degradation  (data  not 
shown).  Pretreatment  of  cells  with  epoxomicin,  a  specific 
proteasome  inhibitor,34  prevented  degradation  of  GFP-AR  (Fig¬ 
ure  3,  part  H:  light  field,  K:  fluorescent),  indicating  that  the 
observed  degradation  was  proteasome-dependent.  This  result 
was  also  verified  by  Western  blot  (Figure  3N).  It  should  be 
noted  that  decreased  cell  density  in  the  epoxomicin  experiments 
are  most  likely  due  to  the  inherent  toxicity  of  epoxomicin  itself, 
rather  than  from  a  toxic  effect  of  the  PROTAC.  This  is  supported 
by  the  viability  of  cells  treated  with  PROTAC-5,  as  seen  in 
Figure  3B,C. 

Competition  experiments  with  testosterone  also  inhibited 
PROTAC-5  from  inducing  GFP-AR  degradation  (Figure  4  A-D). 
In  addition,  cells  treated  only  with  testosterone  retained  all 
fluorescence,  as  did  cells  treated  with  the  HIF-polyarginine 
peptide  (Figure  4G,H).  Finally,  cells  treated  with  both  testoster- 


(32)  Debes,  J.  D.;  Schmidt,  L.  J.;  Huang,  H.;  Tindall,  D.  J.  Cancer  Res.  2002, 
62 ,  5632-5636. 

(33)  Stobaugh,  M.  E.;  Blickenstaff,  R.  Steroids  1990,  55,  259-262. 

(34)  Meng,  L.;  Mohan,  R.;  Kwok,  B.  H.  K.;  Elofsson,  M.;  Sin,  N.;  Crews,  C. 
M.  Proc.  Natl.  Acad.  Sci.  U.S.A.  1999,  96,  10403-10408. 
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Figure  3.  DHT-HIF  PROTAC-5  (5)  mediates  GFP-AR  degradation  in  a 
proteasome-dependent  manner.  One  hour  after  treatment,  293GFP_AR  cells 
treated  with  a  100  (B  light  field,  E  fluorescent)  or  50  (C  light 
field,  F  fluorescent)  concentration  of  5  lose  fluorescence,  while  the  DMSO 
control  (A  light  field,  D  fluorescent)  retains  fluorescence.  Cells  treated  with 
10  fiM  epoxomicin  (G  light  field,  J  fluorescent)  and  pretreated  with  10 
epoxomicin  for  4  h  followed  by  treatment  with  25  5  for  1  h  (H  light 

field,  K  fluorescent)  retain  fluorescence,  while  cells  treated  only  with  25 
5  lose  fluorescence  after  1  h  (I  light  field,  L  fluorescent).  Western  blot 
analysis  confirms  loss  of  GFP-AR  after  treatment  with  PROTAC  5  (-FPT) 
relative  to  a  loading  control  (M),  while  inhibition  of  the  proteasome  with 
epoxomicin  (Epox)  inhibits  degradation  (N). 


one  and  the  HIF-poly arginine  peptide  together  also  retained 
fluorescence,  indicating  again  that  both  domains  needed  to  be 
chemically  linked  to  observe  degradation  (Figure  4F).  It  is 
important  to  note  again  that  the  cells  survived  treatment  with 
PROTAC-5,  indicating  that  the  strategy  of  utilizing  the  ubi- 
quitin— proteasome  pathway  for  targeted  degradation  does  not 
necessarily  cause  a  toxic  effect. 

Discussion 

These  experiments  highlight  the  general  applicability  of  a 
novel  strategy  to  target  and  degrade  proteins  in  vivo.  Although 
this  technique  has  been  shown  to  be  effective  previously  in  vitro, 
this  is  the  first  example  of  synthesized  molecules  which  are 
capable  of  inducing  the  degradation  of  a  targeted  protein  upon 
addition  to  cells.  Use  of  a  GFP  fusion  protein  provided  a 
convenient  method  to  monitor  PROT AC-induced  degradation, 
but  is  not  inherently  necessary  to  the  design  of  the  molecule. 
In  principle,  no  molecular  biological  manipulations  are  needed 
to  implement  a  PROTAC  molecule.  This  technique  therefore 
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Figure  4.  A  chemical  bond  between  the  HIF-(D-Arg)8  peptide  and  DHT 
is  required  for  PROTAC-5 -induced  degradation  of  GFP-AR.  Cells  were 
treated  with  (A)  no  treatment,  (B)  DMSO  (equal  volume),  (C)  25  fiM 
PROT  AC-3,  (D)  25  fiM  PROTAC-5  +  10-fold  molar  excess  testosterone, 
(E)  25  fM  PROTAC-5  +  10-fold  molar  excess  (250  //M)  HIF-D-Arg 
peptide,  (F)  25  HIF-D-Arg  peptide  +  25  /^M  testosterone  added 
separately,  (G)  25  pM.  DHT,  and  (H)  25  //M  HIF-D-Arg  peptide. 

provides  a  novel  approach  to  the  study  of  protein  function 
without  genetically  modifying  the  host  cell.  Moreover,  the 
modularity  of  the  PROTAC  design  offers  the  possibility  to 
synthesize  similar  PROTAC  molecules  targeting  a  variety  of 
intracellular  targets.  These  experiments  have  shown  that  the 
ligand  for  the  target  protein  can  be  varied  using  both  natural 
and  synthetic  ligands  to  degrade  effectively  targeted  GFP  fusion 
proteins.  Although  the  linker  length  has  not  been  fully  explored, 
a  spacer  consisting  of  two  aminocaproic  acids  (12  atoms)  has 
been  shown  to  be  flexible  enough  to  accommodate  some 
structural  variation  in  the  target  and  E3  ligase  proteins  yet  remain 
functional.  Since  ubiquitination  occurs  most  commonly  on  an 
exposed  lysine,  different  spacer  lengths  may  be  required  to 
accommodate  the  structures  of  different  target  proteins. 

Small  molecules  have  previously  been  implicated  in  inducing 
ubiquitination  and  degradation  of  proteins;  most  notably  geldan- 
amycin  derivatives  act  by  controlling  target  interaction  with 
molecular  chaperones.35”38  However,  there  are  often  specificity 
issues  with  these  approaches,  and  the  exact  mechanism  of 

(35)  Kuduk,  S.  D.;  Zheng,  F.  F.;  Sepp-Lorenzino,  L.;  Rosen,  N.;  Danishefsky, 
S.  J.  Bioorg.  Med.  Chem.  Lett  1999,  9,  1233-1238. 

(36)  Kuduk,  S.  D.;  Harris,  C.  R.;  Zheng,  F.  F.;  Sepp-Lorenzino,  L.;  Ouerfelli, 
Q.;  Rosen,  N.;  Danishefsky,  S.  J.  Bioorg.  Med.  Chem.  Lett.  2000,  10,  1303— 
1306. 

(37)  Zheng,  F.  F.;  Kuduk,  S.  D.;  Chiosis,  G.;  Munster,  P.  N.;  Sepp-Lorenzino, 
L.;  Danishefsky,  S.  1;  Rosen,  N.  Cancer  Res.  2000,  60,  2090-2094. 

(38)  Citri,  A.;  Alroy,  I.;  Lavi,  S.;  Rubin,  C.;  Xu,  W.;  Grammatikakis,  N.; 
Patterson,  C.;  Neckers,  L.;  Fry,  D.  W.;  Yarden,  Y.  EMBO  J.  2002,  2407- 
2417. 
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Figure  5.  Potential  use  of  PROTACS  in  a  chemical  genetic  screen. 


induced  degradation  is  not  clear.  Interference  with  gene  products 
at  the  post-translational  level  has  also  been  successfully 
demonstrated  by  Howley  and  co-workers,39  who  used  known 
protein-protein  interacting  domains.  Their  approach,  while 
successful,  required  significant  manipulation  of  the  cell  lines 
in  question  to  observe  an  effect.  Both  of  these  methods  are 
significantly  less  direct  and  flexible  than  PROTACS.  In  addition, 
the  PROTAC  strategy  represents  the  first  attempt  to  develop  a 
general  method  for  small  molecule-induced  targeted  proteolysis 
via  the  ubiquitin— proteasome  pathway  in  intact  cells. 

PROTACS  could  in  principle  be  used  to  target  almost  any 
protein  within  a  cell  and  selectively  initiate  its  degradation, 
resulting  in  a  “chemical  knockout”  of  protein  function.  A  notable 
advantage  to  this  strategy  is  that  proteolysis  is  not  dependent 
on  the  active-site  inhibition  of  the  target;  any  unique  site  of  a 
protein  may  be  targeted,  provided  that  there  are  exposed  lysines 
within  proximity  for  the  attachment  of  ubiquitin.  Because  some 
E3  ligases  are  expressed  in  a  tissue-specific  manner,  this  also 
raises  the  possibility  that  PROTACS  could  be  used  as  tissue- 
specific  drugs. 

Several  other  applications  for  this  technology  can  be  envi¬ 
sioned.  First,  PROTACS  could  be  used  to  control  a  desired 
cellular  phenotype,  for  example,  via  the  induced  degradation 
of  a  crucial  regulatory  transcription  factor  which  is  difficult  to 
target  pharmaceutically.  “Chemical  knockout”  of  a  protein  could 
prove  viable  as  an  alternative  for  a  genetic  knockout,  which 
would  be  extremely  valuable  in  the  study  of  protein  function. 
This  strategy  could  also  provide  significantly  more  temporal 
or  dosing  control  than  gene  inactivation  at  the  DNA  or  RNA 
level.  Second,  libraries  of  PROTACS  could  be  used  to  screen 
for  phenotypic  effects  in  a  chemical  genetic  fashion.  This 
strategy  could  be  used  either  to  identify  novel  ligands  for  a  target 
or  to  identify  new  therapeutically  vulnerable  protein  targets  by 
studying  phenotypic  change  as  a  result  of  selective  protein 
degradation  (Figure  5).  This  chemical  genetic  strategy  would 
employ  a  library  of  PROTAC  molecules  with  identical  E3 
ubiquitin  ligase  domains  but  chemically  diverse  target  ligands. 
After  PROTAC  library  incubation  with  cultured  cells  and 


(39)  Zhou,  P.;  Howley,  P.  Mol.  Cell.  2000,  6 ,  751-756. 


detection  of  the  desired  cellular  phenotype  (e.g.,  inhibition  of 
pro-inflammatory  signaling),  one  could  identify  the  protein  that 
was  degraded  by  incubation  with  the  PROTAC.  A  number  of 
approaches  could  be  used  to  identify  the  PROTAC-targeted 
protein,  including  affinity  chromatography  and  differential 
proteomic  technologies  such  as  ICAT.40  In  a  modification  of 
this  strategy,  a  library  of  PROTACS  could  be  screened  to 
identify  a  ligand  for  a  particular  target  by  monitoring  degradation 
of  the  target  protein  (e.g.,  loss  of  GFP  fusion  protein).  Finally, 
PROTACS  could  be  used  as  drugs  to  remove  toxic  or  disease- 
causing  proteins.  This  strategy  is  particularly  appealing  since 
many  diseases,  including  several  cancers,  are  dependent  on  the 
presence  or  overexpression  of  a  small  number  of  proteins.  The 
large  number  of  potential  uses  for  this  technology,  coupled  with 
the  success  of  these  experiments,  suggests  that  PROTACS  could 
find  broad  use  in  the  fields  of  cell  biology,  biochemistry,  and 
potentially  medicine. 

Experimental  Section 

A.  Materials.  (F36V)FKBP12  expression  vector  was  generously 
provided  by  ARIAD  Pharmaceuticals  (Cambridge,  MA),  and  GFP-AR 
expression  plasmid  was  a  gift  from  Dr.  Charles  Sawyers  (HHMI, 
UCLA).  Epoxomicin41  and  AP2199821’22  were  synthesized  as  previously 
described.  Dihydrotestosterone  and  testosterone  were  obtained  from 
Sigma-Aldrich  (St.  Louis,  MO).  Monoclonal  antibody  recognizing  VHL 
was  purchased  from  Oncogene  (San  Diego,  CA),  antibodies  recognizing 
GFP  and  /3-tubulin  were  obtained  from  Santa  Cruz  Biotech  (Santa  Cruz, 
CA),  and  polyclonal  antibody  against  the  androgen  receptor  was  from 
United  Biomedical,  Inc.  (Hauppauge,  NY).  HEK293,  786-0,  and  HeLa 
cells  were  purchased  from  the  American  Type  Culture  Collection 
(Manassas,  VA).  Tissue  culture  medium  and  reagents  were  obtained 
from  GIBCO-Invitrogen  (Carlsbad,  CA). 

B.  Tissue  Culture.  HeLa  cells,  786-0  cells,  and  HEK  293  cells 
were  separately  cultured  in  D-MEM  supplemented  with  10%  fetal 
bovine  serum,  100  units/mL  penicillin,  100  mg/mL  streptomycin,  and 
2  mM  L-glutamine.  All  cell  lines  were  maintained  at  a  temperature  of 
37  °C  in  a  humidified  atmosphere  of  5%  CO2.  To  generate  cells  stably 
expressing  a  particular  fluorescent  target  protein,  the  parent  cell  line 
was  grown  to  70%  confluency  and  transfected  using  calcium  phosphate 
precipitation  of  the  designated  cDNA.  Following  transfection,  cells  were 
split  1:10  into  culture  medium  supplemented  with  600  /zg/mL  G418 
(GIBCO-Invitrogen).  Individual  clones  which  optimally  expressed 
fluorescent  target  protein  were  identified  and  expanded  under  selection 
for  further  experimentation. 

C.  Detection  of  PROT AC-Induced  Degradation  by  Fluorescence 
Microscopy.  Cells  stably  expressing  fluorescent  target  protein  were 
plated  into  96  well  plates  (HeLaEGFP_FKBP  cells  plated  at  4000  cells/ 
well  and  HEK293GFp-AR  cells  plated  at  60  000-100  000  cells/well). 
Synthesized  PROTACS  were  dissolved  in  DMSO  vehicle  at  a  final 
concentration  of  1%.  Disappearance  of  target  protein  in  vivo  was 
monitored  by  fluorescence  microscopy  at  an  excitation  wavelength  of 
488  nm. 

D.  Detection  of  PROTAC-Induced  Degradation  by  Western  Blot. 

Whole  cell  lysates  were  prepared  from  HeLaEGFP-FKBP  cells  treated 
with  PROTAC-4  and  with  HEK293GFP-AR  cells  treated  with 
PRTOAC-5  by  lysing  the  cells  in  hot  Laemmli  buffer.  Lysates  were 
subjected  to  8%  polyacrylamide  gel  electrophoresis,  and  the  proteins 
were  transferred  to  nitrocellulose  membrane.  Membranes  were  blocked 
in  3%  nonfat  milk  in  TBS  supplemented  with  0.1%  Triton  X-100  and 
0.02%  sodium  azide.  Lysates  from  HeLaEGFP-FKBP  cells  treated  with 


(40)  Han  D.  K.;  Eng  J.;  Zhou,  H.;  Aebersold,  R.  Nat  Biotechnol.  2001, 19,  946— 
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Crews,  C.  M.  Bioorg.  Med.  Chem.  Lett.  1999,  9,  2283-2288. 
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PROTAC-4  were  probed  with  anti-GFP  (1:1000)  and  anti-VHL  (1: 
1000)  antibodies,  and  HEK293GFP-AR  cells  treated  with  PROTAC-5 
were  probed  with  anti-androgen  receptor  (1:1000)  and  anti-/$-tubulin 
(1:200)  antibodies.  Blots  were  developed  using  chemiluminescent 
detection. 
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Unbiased  chemical  genetic  screens  can  iden¬ 
tity  small  molecules  that  target  unknown  pro¬ 
teins  or  act  through  unexpected  mechanisms 
(7).  To  identify  previously  unknown  compo¬ 
nents  or  potential  drug  targets  required  for 
cell  division,  we  screened  for  small  mole- 
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cules  that  stabilize  cyclin  B  in  Xenopus  cell 
cycle  extracts.  Cyclin  B  degradation  regu¬ 
lates  exit  from  mitosis  and  requires  activa¬ 
tion  of  an  E3  ubiquitin  ligase  called  the 
anaphase-promoting  complex/cyclosome 
(APC/C)  (2).  Because  APC/C  activation  re- 
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quires  mitotic  entry,  we  anticipated  that  this 
screen  would  identify  compounds  that  stabi¬ 
lized  cyclin  B  indirectly  by  blocking  mitotic 
entry  as  well  as  compounds  that  directly 
inhibited  the  cyclin  proteolysis  machinery. 
To  monitor  APC/C  activation,  we  fused  the 
destruction-box  domain  of  Xenopus  cyclin  B 1 
to  luciferase  (5)  and  found  that  the  reporter 
protein  was  degraded  in  mitotic  but  not  inter¬ 
phase  extracts  (fig.  SI).  Proteolysis  was  sen¬ 
sitive  to  inhibitors  of  cyclin-dependent  kinases 
and  the  ubiquitin-proteasome  system  but  not 
affected  by  inhibitors  of  DNA  replication  or 
spindle  assembly,  as  expected  in  egg  extracts 
lacking  exogenous  nuclei  {4,  5)  (fig.  S2). 

We  developed  a  miniaturized  assay  system 
(d)  and  screened  109,113  compounds  to 
identify  22  inhibitors  (Table  1).  To  distinguish 
compounds  that  blocked  mitotic  entry  from 
direct  inhibitors  of  proteolysis,  we  arrested 
extracts  in  mitosis  before  addition  of  the 
compound  and  the  reporter  protein.  Sixteen 
compounds  lost  inhibitory  activity  under  these 
conditions  (class  I,  fig.  S3),  whereas  six 
compounds  (class  II,  fig.  S4)  remained  inhib¬ 
itory.  We  next  activated  proteolysis  directly  in 
interphase  extracts  by  adding  the  APC/C 
activator  Cdhl  (Cdc20  homolog  1)  (7).  Again 
we  found  that  only  class  II  compounds  re- 


Ubistatins  Inhibit  Proteasome- 
Dependent  Degradation  by 
Binding  the  Ubiquitin  Chain 
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To  identify  previously  unknown  small  molecules  that  inhibit  cell  cycle  machin¬ 
ery,  we  performed  a  chemical  genetic  screen  in  Xenopus  extracts.  One  class  of 
inhibitors,  termed  ubistatins,  blocked  cell  cycle  progression  by  inhibiting  cyclin 
B  proteolysis  and  inhibited  degradation  of  ubiquitinated  Sicl  by  purified  pro- 
teasomes.  Ubistatins  blocked  the  binding  of  ubiquitinated  substrates  to  the 
proteasome  by  targeting  the  ubiquitin-ubiquitin  interface  of  Lys^-linked  chains. 
The  same  interface  is  recognized  by  ubiquitin-chain  receptors  of  the  pro¬ 
teasome,  indicating  that  ubistatins  act  by  disrupting  a  critical  protein-protein 
interaction  in  the  ubiquitin-proteasome  system. 
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Fig.  i.  Class  IIB  compounds  inhibit  degradation  and  deubiquitination  of 
UbSicI  by  purified  26S  proteasomes.  (A)  Purified  26S  proteasomes  were 
preincubated  in  the  presence  or  absence  of  test  compounds.  UbSicI  was 
then  added  and  assayed  for  degradation  by  immunoblotting  for  Sicl  (3). 
Py  mock  refers  to  pyridine  in  which  C23  was  dissolved.  (B)  Purified  26S 


proteasomes  were  preincubated  with  100  pM  epoxomicin  in  the  pres¬ 
ence  or  absence  of  100  pM  test  compound.  UbSicI  was  then  added  and 
deubiquitination  monitored  by  immunoblotting  for  Sicl  (3).  (C) 
Titration  of  C92  in  deubiquitination  assay.  (D)  Structures  of  C92  and 
C59  (ubistatins  A  and  6). 
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tained  inhibitory  activity.  We  concluded  that 
class  I  compounds  blocked  entry  into  mitosis 
or  APC/C  activation,  whereas  class  II  com¬ 
pounds  directly  blocked  components  of  the 
cyclin  degradation  machinery.  We  next  exam¬ 
ined  whether  the  inhibitors  could  block  turn¬ 
over  of  a  p-catenin  reporter  protein  (8),  a 
substrate  of  the  SKPl/cullin/F-box  protein 
(SCFP-TRCP,  where  P-TRCP  is  p-transduction 
repeat-containing  protein)  ubiquitin  ligase 
(Table  1).  Three  class  II  compounds  (class 
IIB)  were  inhibitory,  suggesting  these  com¬ 
pounds  inhibited  a  protein  required  for  the 
degradation  of  both  APC/C  and  SCFP-TRCP 
substrates.  Class  IIB  compounds  did  not  block 
cyclin  B  ubiquitination  or  20S  peptidase 
activity  ( 9),  indicating  they  did  not  inhibit  El 
or  act  as  conventional  proteasome  inhibitors. 

To  understand  how  class  IIB  compounds 
inhibited  proteolysis,  we  turned  to  a  recon¬ 
stituted  system  using  purified  26S  proteasomes 
and  ubiquitinated  Sicl  (UbSicl)  (10).  Degra¬ 
dation  of  Sicl  requires  its  ubiquitination  by  the 
ligase  SCFcdc4  (11, 12),  after  which  UbSicl  is 
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docked  to  the  19S  regulatory  particle  by  a 
multi-Ub  chain  receptor  (13).  Proteolysis  of 
UbSicl  requires  removal  of  the  multi-Ub 
chain,  catalyzed  by  the  metalloisopeptidase 
Rpnl  1  (14, 15).  The  deubiquitinated  substrate 


is  concomitantly  translocated  into  the  20S  core 
particle,  where  it  is  degraded.  Two  class  IIB 
molecules,  C92  and  C59  (Fig.  ID),  strongly 
inhibited  UbSicl  turnover  in  the  reconstituted 
system  (Fig.  1A).  To  address  whether  these 


Table  1.  Characterization  of  compounds  in  Xenopus  extract  assays.  Results  are  reported  as  percent 
inhibition  (percent  stimulation).  Compounds  (200  pM,  except  CIO  and  C92,  tested  at  100  pM)  and 
cyclin-luciferase  (cyc-luc)  were  added  to  interphase  extracts  and  then  induced  to  enter  mitosis  by 
addition  of  nondegradable  cyclin  B,  or  extracts  were  pretreated  with  nondegradable  cyclin  B  to  allow 
entry  into  mitosis  before  addition  of  test  compound  and  cyc-luc.  Cdhl  was  added  to  interphase  extracts 
before  addition  of  compound  and  cyc-luc.  Interphase  extracts  were  treated  with  recombinant  axin  to 
induce  turnover  of  p-catenin-luciferase.  Parentheses  indicate  those  values  where  stimulation,  rather  than 
inhibition,  was  observed  by  addition  of  compound  to  the  reaction. 
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Fig.  2.  C92  inhibits  binding  of  UbSicl  to  26S  proteasomes  and  multi-Ub-chain 
receptors  by  binding  to  K48-linked  multi-Ub  chains.  (A)  Purified  26S 
proteasomes  immobilized  on  anti-Flag  beads  were  incubated  with  UbSicl  in 
the  presence  or  absence  of  C92  as  described  in  (3).  Beads  were  then  washed 
and  analyzed  by  immunoblotting  for  Sicl.  (B)  Recombinant  Gst-RpnIO  and  Gst- 
Rad23  were  immobilized  on  glutathione  sepharose  beads  and  then  incubated 
with  UbSicl  in  the  presence  or  absence  of  C92  and  analyzed  as  in  (A).  (C) 
Equivalent  amounts  of  Gst,  Gst-fusion  protein,  or  multi-Ub  chains  were 
incubated  with  C92  or  Cl  and  analyzed  by  native  gel  electrophoresis  (28). 
(D)  C92  and  C59  interact  specifically  with  K48-linked  Ub  on  native  gels.  Ub  (16 
pM),  K48-linked  di-Ub  (8  pM),  or  tetra-Ub  chains  (8  pM)  were  preincubated 
with  a  twofold  molar  excess  (mono-Ub  and  di-Ub)  or  equivalent  amounts 
(tetra-Ub)  of  test  compounds  before  being  resolved  on  native  gels  as  in  (C). 
Tetra  K29Ub,  K48Ub,  and  K63Ub  refer  to  tetraubiquitin  chains  with  ubiquitin 
linked  via  K29,  K48,  or  K63.  MW  refers  to  molecular  weight  standards. 
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compounds  acted  upstream  or  downstream  of 
Rpnll  isopeptidase,  we  treated  proteasomes 
with  the  20S  inhibitor  epoxomicin,  which 
results  in  Rpnll -dependent  substrate  de- 
ubiquitination  (14,  16)  and  accumulation  of 
deubiquitinated  Sicl  within  the  20S  chamber 
(13).  This  reaction  was  completely  blocked 
by  C92  (Fig.  IB),  with  a  median  inhibitory 
concentration  (IC50)  of  about  400  nM  (Fig. 
1C).  C59,  which  is  structurally  related  to  C92, 
also  inhibited  deubiquitination  of  UbSicl  (IC50  = 
1  pM),  whereas  C23  inhibited  marginally 
(fig.  S5).  Thus  C92  and  C59  potently 
blocked  proteolysis  at  or  upstream  of  the 
essential  isopeptidase-dependent  step. 

Selective  recognition  of  the  multi-Ub  chain 
by  the  26S  proteasome  is  the  first  step  in 
UbSicl  degradation  (13).  C92  strongly  inhi¬ 
bited  binding  of  UbSicl  to  purified  26S  pro¬ 
teasomes  (Fig.  2A),  suggesting  that  it  inhibited 
UbSicl  turnover  by  blocking  the  first  step  in 
the  degradation  process.  The  multi-Ub  chain 
receptors  Rad23  and  RpnlO  serve  a  redundant 
role  in  targeting  UbSicl  to  the  proteasome  and 


sustaining  its  degradation  (13).  In  the  absence 
of  the  Ub-binding  activities  of  RpnlO  and 
Rad23,  UbSicl  is  not  recruited,  deubiquiti¬ 
nated,  or  degraded  by  purified  26S  protea¬ 
somes.  We  thus  tested  whether  C92  could 
interfere  with  binding  of  UbSicl  to  recombi¬ 
nant  RpnlO  and  Rad23.  C92  abolished  bind¬ 
ing  of  UbSicl  to  both  proteins  (Fig.  2B),  even 
though  these  receptors  use  distinct  domains 
[the  Ub-interaction  motif  (UIM)  and  the  Ub- 
associated  (UBA)  domain,  respectively]  to 
bind  ubiquitin  chains  (17).  C59  also  abrogated 
binding  of  UbSicl  to  RpnlO,  whereas  other 
compounds  were  without  effect  (fig.  S5). 

To  distinguish  whether  C92  inhibited  pro¬ 
teolysis  by  binding  to  proteasome  receptor 
proteins  or  to  the  Ub  chain  on  Sicl,  we  ex¬ 
ploited  the  negative  charge  of  C92  to  deter¬ 
mine  whether  compound  binding  induced  a 
mobility  shift  of  the  target  proteins  upon 
fractionation  on  a  native  polyacrylamide 
gel.  C92  was  preincubated  with  recombinant 
RpnlO,  Rad23,  or  a  mixture  of  Ub  chains 
containing  two  to  seven  Ub  molecules.  The 


mobility  of  the  multi-Ub  chains,  but  not  Gst- 
RpnlO  or  Gst-Rad23,  was  altered  by  incuba¬ 
tion  with  C92,  suggesting  that  C92  bound  Ub 
chains  (Fig.  2C).  Ubiquitin  molecules  can  be 
linked  to  each  other  in  vivo  through  different 
internal  lysines,  including  K29,  K48,  and 
K63  (18).  The  K48 -linked  chain  is  the 
principal  targeting  signal  in  proteolysis, 
whereas  K63 -linked  chains  are  implicated 
in  enzyme  regulation  (19).  Whereas  C92  and 
C59  efficiently  shifted  the  native  gel  mobil¬ 
ity  of  K48-linked  ubiquitin  chains,  they  had 
little  or  no  effect  on  K29-  or  K63-linked 
chains  (Fig.  2D).  Because  C92  and  C59  bind 
to  ubiquitin  chains  and  block  interactions 
with  proteasome-associated  receptors  with¬ 
out  affecting  26S  assembly  or  peptidase 
activity  (fig.  S6),  we  refer  to  these  com¬ 
pounds  as  ubistatin  A  and  B,  respectively. 

We  next  tested  the  ability  of  ubistatins  to 
block  proteolysis  of  ornithine  decarboxylase 
(ODC),  whose  degradation  does  not  require 
ubiquitin  (20).  Whereas  a  30-fold  molar  ex¬ 
cess  of  ubistatin  A  over  the  substrate  strongly 
inhibited  UbSicl  degradation  by  purified 
yeast  proteasomes  (Fig.  1  A),  a  100-fold  molar 
excess  of  ubistatin  A  over  the  substrate  had 
no  effect  on  degradation  of  radiolabeled 
ODC  by  purified  rat  proteasomes  (fig.  S7). 
Ubistatin  B  marginally  inhibited  ODC  turn¬ 
over  at  this  concentration  (12%).  In  contrast, 
a  20-fold  molar  excess  of  cold  ODC  inhibited 
degradation  of  labeled  ODC  by  43%  under 
the  same  conditions.  These  data  indicate  that 
ubistatins  at  low  concentrations  preferentially 
inhibit  the  degradation  of  ubiquitin-dependent 
substrates.  Inhibition  of  ODC  turnover  by 
high  concentrations  of  ubistatins,  especially 
ubistatin  B  (fig.  S7),  may  reflect  either 
nonspecific  activity  or  specific  inhibition  of 
a  targeting  mechanism  shared  by  ubiquitin- 
dependent  and  ubiquitin- independent  sub¬ 
strates  of  the  proteasome  (20). 

On  the  basis  of  the  selectivity  of  ubi¬ 
statin  A  for  binding  K48-linked  chains  and 
inhibiting  the  ubiquitin-dependent  turnover 
of  Sicl  but  not  the  ubiquitin-independent 
turnover  of  ODC,  we  tested  the  effect  of 
ubistatin  A  on  protein  degradation  within 
intact  mammalian  cells.  Because  the  neg¬ 
ative  charge  on  ubistatin  A  precluded  ef¬ 
ficient  membrane  permeation,  we  introduced 
the  compound  into  cells  by  microinjection 
and  monitored  degradation  of  an  androgen 
receptor-green  fluorescent  protein  (AR-GFP) 
fusion  protein  by  fluorescence  microscopy. 
Microinjection  of  a  synthetic  compound  (protac, 
proteolysis-targeting  chimeric  molecule),  which 
recruits  AR-GFP  to  SCFp'TRCP,  induces  rapid 
proteasome-dependent  turnover  of  AR-GFP 
(21).  Microinjection  of  100  nM  ubistatin  A 
into  mammalian  cells  inhibited  the  Protac- 
induced  degradation  of  AR-GFP  as  effi¬ 
ciently  as  100  nM  epoxomicin  (fig.  S8), 
demonstrating  that  ubistatin  A  is  an  effective 


Fig.  3.  Ubistatin  A 
binding  to  K48-linked 
di-Ub  induces  site- 
specific  perturbations 
in  NMR  spectra  for 
both  Ub  domains.  (A) 
Backbone  NH  chem¬ 
ical  shift  perturbation, 
A5,  and  percent  signal 
attenuation  caused  by 
ubistatin  A  binding  as 
a  function  of  residue 
number  for  the  distal 
(left)  and  the  proxi¬ 
mal  (right)  domains. 
Ub  units  are  called 
“distal"  and  "proxi¬ 
mal"  to  reflect  their 
location  in  the  chain 
relative  to  the  free  C 
terminus.  The  dia¬ 
gram  (top)  depicts 
the  location  of  the 
G76-K48  isopeptide 
bond  between  the 
two  Ub  domains.  As¬ 
terisks  indicate  res¬ 
idues  that  showed 
significant  signal  at¬ 
tenuation  that  could 
not  be  accurately 
quantified  because  of 
signal  overlap.  (B) 
Mapping  of  the  per¬ 
turbed  sites  on  the 
surface  of  di-Ub.  The 
distal  and  proximal 
domains  are  shown 
in  surface  representa¬ 
tion  and  colored  blue 
and  green,  respec¬ 
tively;  the  perturbed 
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sites  on  these  domains  are  colored  yellow  and  red  and  correspond  to  residues  with  A5  >  0.075 
parts  per  million  and/or  signal  attenuation  greater  than  50%.  Numbers  indicate  surface  location  of 
the  hydrophobic  patch  and  some  basic  residues  along  with  G76  (distal)  and  the  side  chain  of  K48 
(proximal). 
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inhibitor  of  ubiquitin-dependent  degradation 
in  multiple  experimental  settings. 

The  specificity  of  ubistatin  A  for  K48- 
linked  ubiquitin  chains  suggested  that  it  might 
bind  at  the  Ub-Ub  interface,  which  is  well 
defined  in  K48-linked  chains  but  is  not  present 
in  K63-linked  di-ubiquitin  (Ub2)  (22).  We 
performed  nuclear  magnetic  resonance 
(NMR)  titration  studies  of  K48-linked  Ub2 
by  using  a  segmental  labeling  strategy  (23). 
Well-defined  site-specific  perturbations  were 
observed  in  the  resonances  of  the  backbone 
amides  of  both  Ub  units  in  Ub2  (Fig.  3), 
indicating  that  the  hydrophobic  patch  residues 
L8,  144,  V70  (24),  and  neighboring  sites 
(including  basic  residues  K6,  Kll,  R42,  H68, 
and  R72)  experienced  alterations  in  their 
molecular  environment  upon  binding  of  ubis¬ 
tatin  A.  The  same  hydrophobic  patch  is 
involved  in  the  formation  of  the  interdomain 
interface  in  Ub2  (23,  25)  and  mediates  the 
binding  of  ubiquitin  to  multiple  proteins 
containing  CUE  (coupling  of  ubiquitin  con¬ 
jugation  to  ER  degradation),  UBA,  and  UIM 
domains  (17).  At  the  high  concentrations  of 
compound  used  in  the  NMR  titration  experi¬ 
ments,  ubistatin  A  induced  a  similar  pattern  of 
chemical  shift  perturbations  in  monomeric 
ubiquitin,  suggesting  that  the  effect  of  ubi¬ 
statin  A  on  Ub2  arises  from  its  direct  binding 
to  the  hydrophobic  patch  and  the  basic  res¬ 
idues  around  it.  The  same  sites  are  perturbed 
when  ubistatin  A  binds  tetra-Ub  chains  (26). 

Although  there  is  intense  interest  in  devel¬ 
oping  drugs  for  defined  molecular  targets,  it  is 
often  difficult  to  know  a  priori  which  proteins 
can  be  most  effectively  targeted  with  small 
molecules.  Our  study  demonstrates  that  chem¬ 
ical  genetic  screens  in  complex  biochemical 
systems  such  as  Xenopas  extracts  can  identify 
small-molecule  inhibitors  that  act  through 
unexpected  mechanisms.  Although  target  iden¬ 
tification  remains  challenging,  our  work  high¬ 
lights  the  value  of  reconstituted  biochemical 
systems  to  illuminate  the  mechanism  of  action 
of  inhibitors  discovered  in  unbiased  screens. 
The  recent  approval  of  the  20S  proteasome 
inhibitor  Velcade  (Millenium  Pharmaceuticals, 
Cambridge,  MA)  for  treatment  of  relapsed 
multiple  myeloma  (27)  has  suggested  that  the 
ubiquitin-proteasome  system  is  an  attractive 
target  for  cancer  drug  development.  The  iden¬ 
tification  of  ubistatins  indicates  that  the  ubiq¬ 
uitin  chain  itself  provides  another  potential 
opportunity  for  pharmacological  intervention 
in  this  important  pathway. 

References  and  Notes 

1.  T.  U.  Mayer,  Trends  Cell  Biol.  13,  270  (2003). 

2.  J.  M.  Peters,  Mol.  Cell  9,  931  (2002). 

3.  Materials  and  methods  are  available  as  supporting 
material  on  Science  Online. 

4.  M.  Dasso,  J.  W.  Newport,  Cell  61,  811  (1990). 

5.  J.  Minshull,  H.  Sun,  N.  K.  Tonks,  A.  W.  Murray,  Cell 
79,  475  (1994). 

6.  L  A.  Walling,  N.  R.  Peters,  E.  J.  Horn,  R.  W.  King,  J. 
Cell.  Biochem.  S37,  7  (2001). 


7.  C.  M.  Pfleger,  M.  W.  Kirschner,  Genes  Dev.  14,  655 
(2000). 

8.  A.  Salic,  E.  Lee,  L.  Mayer,  M.  W.  Kirschner,  Mot.  Cell  5, 
523  (2000). 

9.  N.  Peters,  R.  W.  King,  unpublished  data. 

10.  R.  Verma,  H.  McDonald,  J.  R.  Yates  3rd,  R.  J.  Deshaies, 
Mol.  Cell  8,  439  (2001). 

11.  D.  Skowyra  et  ai,  Science  284,  662  (1999). 

12.  J.  H.  Seol  et  ai,  Genes  Dev.  13,  1614  (1999). 

13.  R.  Verma,  R.  Oania,  J.  Craumann,  R.  J.  Deshaies,  Celt 
118,  99  (2004). 

14.  R.  Verma  et  at..  Science  298,  611  (2002);  published 
online  15  August  2002;  10.1 126/science,  1075898. 

15.  T.  Yao,  R.  E.  Cohen,  Nature  419,  403  (2002). 

16.  L.  Meng  etai,  Proc.  Natl.  Acad.  Sci.  U.S.A.  96, 10403 
(1999). 

17.  R.  Hartmann-Petersen,  M.  Seeger,  C.  Cordon,  Trends 
Biochem.  Sd.  28,  26  (2003). 

18.  J.  Peng  et  ai,  Nat.  Biotechnoi  21,  921  (2003). 

19.  C.  M.  Pickart,  Celt  116,  181  (2004). 

20.  M.  Zhang,  C.  M.  Pickart,  P.  Coffino,  EMBO  J .  22,  1488 
(2003). 

21.  K.  M.  Sakamoto  eta/.,  Mol.  Cell.  Proteomics  2,  1350 
(2003). 

22.  R.  Varadan  et  ai,J.  Biol.  Chem .  279,  7055  (2004). 

23.  R.  Varadan,  O.  Walker,  C.  Pickart,  D.  Fushman,  7-  Mol. 
Biol.  324,  637  (2002). 

24.  Single-letter  abbreviations  for  the  amino  acid  resi¬ 
dues  are  as  follows:  H,  His;  I,  lie;  K,  Lys;  L,  Leu;  R,  Arg; 
and  V,  Val. 

25.  W.  J.  Cook,  L  C.  Jeffrey,  M.  Carson,  Z.  Chen,  C.  M. 
Pickart,  /  Biot.  Chem.  267,  16467  (1992). 

26.  D.  Fushman,  unpublished  data. 

27.  J.  Adams,  Nat.  Rev.  Cancer  4,  349  (2004). 

28.  R.  Verma  et  ai,  Mol.  Biol.  Celt  11,  3425  (2000). 


Co-translational  modification  of  proteins  in 
the  endoplasmic  reticulum  by  N-glycosylation 
facilitates  their  folding  and  is  essential  in 
single-cell  eukaryotes.  Metazoans  have  addi¬ 
tional  Golgi  enzymes  that  trim  and  remodel 
the  N-glycans,  producing  complex-type  N- 
glycans  on  glycoproteins  destined  for  the 
cell  surface.  Mammalian  development  re¬ 
quires  complex-type  N-glycans  containing 
N-acetyllactosamine  antennae,  because  their 
complete  absence  in  Mgatl -deficient  em- 
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bryos  is  lethal  (1,  2).  Deficiencies  in  N- 
acetylglucosaminyltransferase  II  and  V  (Mgat2 
and  Mgat5)  acting  downstream  of  Mgatl 
reduce  the  content  of  N-acetyllactosamine, 
and  mutations  in  these  loci  result  in  viable 
mice  with  a  number  of  tissue  defects  (3,  4).  N- 
glycan  processing  generates  ligands  for  vari¬ 
ous  mammalian  lectins,  but  the  consequences 
of  these  interactions  are  poorly  understood. 
The  galectin  family  of  N-acetyllactosamine- 
binding  lectins  has  been  implicated  in  cell 


Regulation  of  Cytokine  Receptors 
by  Golgi  N-Glycan  Processing 
and  Endocytosis 

Emily  A.  Partridge,1'3  Christine  Le  Roy,1  Gianni  M.  Di  Guglielmo,1 
Judy  Pawling,1  Pam  Cheung,1,2  Maria  Granovsky,1,2  Ivan  R.  Nabi,4 
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The  Golgi  enzyme  pi, 6  N-acetylglucosaminyltransf erase  V  (Mgat5)  is  up- 
regulated  in  carcinomas  and  promotes  the  substitution  of  N-glycan  with  poly 
N-acetyllactosamine,  the  preferred  ligand  for  galectin-3  (Gal-3).  Here,  we 
report  that  expression  of  Mgat5  sensitized  mouse  cells  to  multiple  cytokines. 
Gal-3  cross-linked  Mgat5-modified  N-glycans  on  epidermal  growth  factor  and 
transforming  growth  factor-p  receptors  at  the  cell  surface  and  delayed  their 
removal  by  constitutive  endocytosis.  MgatS  expression  in  mammary 
carcinoma  was  rate  limiting  for  cytokine  signaling  and  consequently  for 
epithelial-mesenchymal  transition,  cell  motility,  and  tumor  metastasis.  MgatS 
also  promoted  cytokine-mediated  leukocyte  signaling,  phagocytosis,  and 
extravasation  in  vivo.  Thus,  conditional  regulation  of  N-glycan  processing 
drives  synchronous  modification  of  cytokine  receptors,  which  balances  their 
surface  retention  against  loss  via  endocytosis. 
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Abstract 


Protein  degradation  is  one  of  the  tactics  employed  by  the  cell  for  irreversibly 
inactivating  proteins.  In  eukaryotes,  ATP -dependent  protein  degradation  in  the 
cytoplasm  and  nucleus  is  carried  out  by  the  26S  proteasome.  Most  proteins  are  targeted 
to  the  26S  proteasome  by  covalent  attachment  of  a  multiubiquitin  chain.  A  key 
component  of  the  enzyme  cascade  that  results  in  attachment  of  the  multiubiquitin  chain  to 
the  target  or  labile  protein  is  the  ubiquitin  ligase  that  controls  the  specificity  of  the 
ubiquitination  reaction.  Defects  in  ubiquitin-dependent  proteolysis  have  been  shown  to 
result  in  a  variety  of  human  diseases,  including  cancer,  neurodegenerative  diseases,  and 
metabolic  disorders. 

The  SCF  (Skpl-Cullin-F-box-Hrtl)  complex  is  a  heteromeric  ubiquitin  ligase 
that  multiubiquitinates  proteins  important  for  signal  transduction  and  cell  cycle 
progression.  A  technology  was  developed  known  as  Protac  (Proteolysis  Targeting 
Chimeric  Molecule)  that  acts  as  a  bridge,  bringing  together  the  SCF  ubiquitin  ligase  with 
a  protein  target,  resulting  in  its  ubiquitination  and  degradation.  The  Protac  contains  a 
peptide  moiety  at  one  end  that  is  recognized  by  SCF  that  is  chemically  linked  to  the 
binding  partner  or  ligand  of  the  target  protein.  The  first  demonstration  of  the  efficacy  of 
Protac  technology  was  the  successful  recruitment,  ubiquitination,  and  degradation  of  the 
protein  Methionine  Aminopeptidase-2  (MetAP-2)  through  a  covalent  interaction  between 
MetAP-2  and  Protac.  Subsequently,  we  demonstrated  that  Protacs  could  effectively 
ubiquitinate  and  degrade  cancer-promoting  proteins  (estrogen  and  androgen  receptors) 
through  non-covalent  interactions  in  vitro  and  in  cells.  Finally,  cell-permeable  Protacs 
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can  also  promote  the  degradation  of  proteins  in  cells.  In  this  chapter,  we  describe 
experiments  to  test  the  ability  of  Protacs  to  target  proteins  in  vitro  and  in  cells. 
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Introduction 


Ubiquitin-dependent  proteolysis  is  a  major  pathway  that  regulates  intracellular 
protein  levels.  Post-translational  modification  of  proteins  by  E3  ubiquitin  ligases  results 
in  multi-ubiquitin  chain  formation  and  subsequent  degradation  by  the  26S  proteasome 
(Ciechanover,  et  al.,  2000,  Deshaies,  1999,  Sakamoto,  2002).  One  potential  approach  to 
treating  human  disease  is  to  recruit  a  disease-related  protein  to  an  E3  ligase  for 
ubiquitination  and  subsequent  degradation.  To  this  end,  a  technology  known  as  Protacs 
(Proteolysis  Targeting  Chimeric  Molecules)  was  developed.  The  goal  of  Protac  therapy 
is  to  create  a  “bridging  molecule”  that  could  link  together  a  disease-related  protein  to  an 
E3  ligase.  Protacs  consist  of  one  moiety,  e.g.  a  peptide,  which  is  recognized  by  the  E3 
ligase.  This  moiety  or  peptide  is  then  chemically  linked  to  a  binding  partner  of  the  target. 
The  idea  is  that  Protacs  would  bring  the  target  to  the  E3  ligase  in  close  enough  proximity 
for  multi-ubiquitin  attachment,  which  would  then  be  recognized  by  the  26S  proteasome 
(Fig.  1).  The  advantage  of  this  approach  is  that  it  is  catalytic  and  theoretically  can  be 
used  to  recruit  any  protein  that  exists  in  a  multisubunit  complex. 

Several  applications  for  Protac  therapy  are  possible.  In  cancer,  the  predominant 
approach  to  treating  patients  is  chemotherapy  and  radiation.  Both  of  these  forms  of 
therapy  result  in  complications  due  to  effects  on  normal  cells.  Therefore,  development  of 
therapeutic  approaches  to  specifically  target  cancer-causing  proteins  without  affecting 
normal  cells  is  desirable. 

To  test  the  efficacy  of  Protacs  in  vitro  and  in  vivo,  several  components  are 
essential.  First,  a  functional  E3  ligase  is  necessary,  either  in  purified  form  or  isolated 
from  cell  extracts.  Additional  components  of  ubiquitination  reaction,  including  ATP,  El, 
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E2,  and  ubiquitin  are  also  required.  Second,  a  small  peptide  or  molecule  recognized  by 
the  E3  ligase  must  be  identified.  Finally,  a  target  with  a  well-characterized  binding 
partner  must  be  selected  that  will  be  chemically  linked  to  the  peptide.  Finally,  successful 
application  of  Protacs  depends  on  its  ability  to  enter  cells  to  target  the  protein  for 
ubiquitination  and  degradation.  For  clinical  application,  therapeutic  drug  concentrations 
are  usually  considered  to  be  in  the  nanomolar  range. 


Protac 


Fig.  1.  Protac- 1  targets  MetAP-2  to  SCF.  Protac-1  is  a  chimeric  molecule  that  consists  of  a  phosphopeptide 
moiety  and  a  small  molecule  moiety  that  interacts  with  the  protein  target  (Sakamoto,  et  al.,  2001). 

In  addition  to  the  use  of  Protacs  for  the  treatment  of  human  disease,  these 
molecules  provide  a  chemical  genetic  approach  to  “knocking  down”  proteins  to  study 
their  function  (Schneekloth,  et  al.,  2004).  The  advantages  of  Protacs  are  that  they  are 
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specific  and  do  not  require  transfections  or  transduction.  Protacs  can  be  directly  applied 
to  cells  or  injected  into  animals  without  the  use  of  vectors.  Given  the  increased  number 
of  E3  ligases  identified  by  the  Human  Genome  Project,  the  possibilities  for  different 
combinations  of  Protacs  that  target  specific  targets  to  different  ligases  are  unlimited.  This 
chapter  describes  general  strategies  of  testing  the  efficacy  of  Protacs  using  two  E3  ligases 
as  an  example:  SCFp  TRCP  and  Von  Hippel  Lindau  (VHL)  complexes  (Kaelin,  2002,  Ivan, 
et  al.,  2001).  Three  different  targets  will  be  described:  methionine  aminopeptidase-2 
(MetAP-2),  estrogen  receptor  (ER),  and  androgen  receptor  (AR).  We  will  provide  an 
overview  of  binding  assays,  transfections,  immunoprecipitations,  and  ubiquitination  and 
degradation  assays  of  the  proteins  targeted  to  ubiquitin  ligases  by  Protacs. 

Strategies  to  Assess  the  Efficacy  of  Protacs  In  Vitro 

As  proof  of  concept,  we  generated  a  Protac  molecule  that  targets  the  protein 
MetAP-2  for  ubiquitination  and  degradation.  MetAP-2  cleaves  the  N-terminal 
methionine  from  nascent  polypeptides  and  is  one  of  the  targets  of  angiogenesis  inhibitors 
fumagillin  and  ovalicin  (Li  and  Chang,  1995,  Griffith,  et  al.,  1997,  Sin,  et  al.,  1997). 
Ovalicin  covalently  binds  to  MetAP-2  at  the  His-231  active  site.  Inhibition  of  MetAP-2 
is  thought  to  block  endothelial  cell  proliferation  by  causing  G1  arrest  (Yeh,  et  al.,  2000). 
MetAP-2  is  a  stable  protein  that  has  not  been  demonstrated  to  be  ubiquitinated  or  an 
endogenous  substrate  of  SCFp‘TRCP.  For  these  reasons,  Met-AP2  was  chosen  to  be  the 
initial  target  to  test  Protacs. 

The  heteromeric  ubiquitin  ligase,  SCFp  TRCP  (Skpl-Cullin-Fbox-Hrtl),  was 
selected  because  the  F-box  protein  (3-TRCP/E3RS  was  previously  shown  to  bind  to  IkBcc 
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(inhibitor  of  NFkBcx)  through  a  minimal  phosphopeptide  sequence,  DRHDSGLDSM 
(Ben-Neriah,  2002,  Karin  and  Ben-Neriah,  2000).  This  10  amino  acid  phosphopeptide 
was  linked  to  ovalicin  to  form  the  Protac  (Protac-1)  as  previously  described  (Sakamoto, 
et  ah,  2001). 


MetAP-2-Protac  Coupling  Assay 

MetAP-2  (9pM)  was  incubated  with  increasing  concentrations  of  Protac-1  (dissolved  in 
water)  for  45  minutes  at  room  temperature  (Fig.2).  Reactions  were  supplemented  with 
SDS  loading  dye,  fractionated  on  an  SDS/10%  polyacrylamide  gel,  transferred  onto  a 
nitrocellulose  membrane,  and  immunoblotted  with  rabbit  polyclonal  anti-MetAP-2 
antisera  (Zymed,  Inc.).  Detection  was  performed  using  enhanced  chemiluminescence 
(Amersham,  Inc.). 


A. 


B. 


IPP 

OVA 


Fig.  2.  MetAP-2  binds  Protac  specifically  and  in  a  concentration-dependent  manner. 

(A):  MetAP-2  (9  pM)  was  incubated  with  increasing  concentrations  of  Protac-1  at  room  temperature  for  45 
minutes.  The  last  two  lanes  depict  MetAP-2  that  was  incubated  with  either  free  IkBcx  phosphopeptide  = 
IPP  (50  pM)  or  free  ovalicin  =  OVA  (50  pM),  as  indicated.  Following  incubation,  samples  were 
supplemented  with  SDS-PAGE  loading  dye,  fractionated  by  SDS-PAGE,  and  immunoblotted  with  MetAP- 
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2  antiserum.  (B):Same  as  (A),  except  MetAP-2  (9  pM)  plus  Protac-1  (10  pM)  were  supplemented  with 
either  IkBcx  phosphopeptide  (50pM)  or  ovalicin  (50pM)  as  indicated.  Protac  binding  to  MetAP-2  was 
inhibited  by  addition  of  ovalicin,  but  not  phosphopeptide  (B)  (Sakamoto,  et  al.,  2001). 

Tissue  culture 

293T  cells  were  cultured  in  DMEM  with  10%  (vol/vol)  FBS  (Gibco,  Inc.),  penicillin  (100 
units/ml),  streptomycin  (lOOmg/ml),  and  L-glutamine  (2mM).  Cells  were  split  1:5  before 
the  day  of  transfection  and  transiently  transfected  with  40  ug  of  plasmid.  Cell  were  60% 
confluent  in  100-mm  dishes  on  the  day  of  transfection.  DNA  (20ug  of  pFLAG-CULl 
and  20  mg  of  pFLAG-|3-TRCP)  was  added.  Cells  were  transfected  using  calcium 
phosphate  precipitation  as  previously  described  (Lyapina,  et  al.,  1998).  Cells  were 
harvested  30  hours  after  transfection.  Five  micrograms  of  pGL-1,  a  plasmid  containing 
the  cytomegalovirus  (CMV)  promoter  linked  to  the  green  fluorescent  protein  (GFP) 
cDNA  was  cotransfected  into  cells  to  determine  transfection  efficiency.  In  all 
experiments,  greater  than  80%  of  the  cells  were  GFP-positive  at  the  time  of  harvest, 
indicating  high  transfection  efficiency. 

Immunoprecipitations  and  Ubiquitination  Assays 

293T  cells  were  lysed  with  200  ul  of  lysis  buffer  (25mM  Tris-Cl,  pH  7.5/1 50mM 
NaCl/0.1%  Triton  X-100/5mM  NaF/0.05  ltiM  EGTA/lmM  PMSF).  Pellets  were  lysed 
for  1 0  seconds  in  4  °C  cold  room,  then  placed  on  ice  for  1 5  minutes.  After  centrifugation 
at  13,000  rpm  in  a  microfuge  for  5  minutes  at  4°C.  The  supernatant  was  added  to  20  pi 
of  FLAG  M2  affinity  beads  (Sigma)  and  incubated  for  2  hours  rotating  at  4°C.  Beads 
were  spun  down  at  13,000  rpm  and  washed  with  buffer  A  (25  mM  Hepes  buffer,  pH 
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7.4/0.01%  Triton  X-100/150  mM  NaCl)  and  one  wash  with  buffer  B  (the  same  as  buffer 
A  but  without  Triton  X-100).  Four  pi  of  MetAP-2  (18uM),  4  pi  of  Protac-1  (lOOuM), 
0.5  pi  of  0.1  ug/ul  purified  mouse  El  (Boston  Biochem),  1  pi  of  0.5  ug/ul  human  Cdc34 
E2  (Boston  Biochem),  and  1  pi  of  25  mM  ATP  were  added  to  20  pi  (packed  volume)  of 
FLAG  beads  immunoprecipitated  with  SCF.  Reactions  were  incubated  for  1  hours  at 
30°C  in  a  thermomixer  (Eppendorf)  with  constant  mixing.  SDS/PAGE  loading  buffer 
was  added  to  terminate  reactions,  which  were  then  evaluated  by  Western  blot  analysis  as 
previously  described  (Sakamoto,  et  al.,  2001)  (Fig.  3). 


A.  B. 


SCFMBcp 

beads 


M 
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Fig.  3.  Protac  mediates  MetAP-2  ubiquitination  by  SCF. 

(A)  Ubiquitination  of  the  46  kDa  fragment  of  MetAP-2.  MetAP-2— Protac-1  mixture  was  added  to  either 
control  (mock)  or  SCF<5‘trcp  beads  (+)  supplemented  with  ATP  plus  purified  El,  E2  (Cdc34),  and  ubiquitin. 
UbcH5c  (500  ng)  was  also  tested  as  E2  in  the  reaction,  which  resulted  in  the  same  degree  of  ubiquitination 
as  observed  with  Cdc34  (data  not  shown).  Reactions  were  incubated  for  one  hour  at  30°C,  and  were 
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evaluated  by  SDS-PAGE  followed  by  western  blotting  with  anti-MetAP-2  antiserum.  (B):  Ubiquitination 
of  full  length  (67  kDa)  MetAP-2.  Same  as  (A),  except  that  the  67  kDa  preparation  of  MetAP-2  was  used, 
and  El,  E2,  plus  ubiquitin  were  either  added  at  normal  (IX)  or  two-fold  higher  (2X)  levels,  as  indicated 
(Sakamoto,  et  al.,  2001). 

These  methods  can  be  generalized  to  other  ubiquitin  ligases  provided  that  expression 
vectors  contain  tagged  versions  of  the  protein  or  subunits  are  available.  Alternative  tags, 
e.g.  myc  or  HA,  have  been  used  and  the  resin  can  be  cross-linked  with  an  antibody, 
which  can  then  be  used  to  immunoprecipitate  the  E3  ligase  from  mammalian  cells.  For 
targets  that  bind  to  Protac  through  high  affinity  and  noncovalent  interactions,  e.g.  ER  or 
AR,  binding  assays  cannot  be  performed  (Fig.4).  Both  the  ER  and  AR  are  members  of 
the  steroid  hormone  receptor  superfamily  whose  interactions  with  ligand  (estradiol  and 
testosterone,  respectively)  have  been  well  characterized.  The  ER  has  been  implicated  in 
the  progression  of  breast  cancer  (Howell,  et  al.,  2003).  Similarly,  hormone-dependent 
prostate  cancer  cells  grow  in  response  to  androgens  (Debes,  et  al.,  2002).  Therefore,  both 
ER  and  AR  are  logical  targets  for  cancer  therapy.  To  target  ER  for  ubiquitination  and 
degradation,  a  Protac  (Protac-2)  was  synthesized,  containing  the  IkB<x  phosphopeptide 
linked  to  estradiol  (the  ligand  for  ER)  (Sakamoto,  et  al.,  2003). 

Determination  of  Protein  Degradation  ofUbiquitinated  Proteins  In  Vitro 
The  success  of  Protacs  depends  on  not  only  efficient  ubiquitination  of  the  proposed 
target,  but  also  degradation  of  that  target  in  cells.  Several  approaches  can  be  used  both  in 
vitro  and  in  vivo  to  demonstrate  that  the  target  is  being  destroyed.  First,  demonstration  of 
degradation  in  vitro  can  be  performed  with  purified  26S  proteasome.  For  these 
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experiments,  we  utilized  purified  yeast  proteasomes  as  previously  described  (Verma,  et 
al.,  2002,  Verma,  et  al.,  2000) 

Fig,  4.  Protac-2  activates  ubiquitination  of  ER  in  vitro .  Purified 
ER  was  incubated  with  recombinant  El,  E2,  ATP,  ubiquitin, 
and  immobilized  SCFp'trcp  isolated  from  animal  cells  by  virtue 
of  Flag  tags  on  co-transfected  Cull  and  p-TRCP.  Reactions 
were  supplemented  with  the  indicated  concentration  of  Protac- 
2,  incubated  for  60  minutes  at  30°C,  and  monitored  by  SDS- 
PAGE  followed  by  immunoblotting  with  an  anti-ER  antibody 
(Sakamoto,  et  al,,  2003). 

first  performed  with  the  immunoprecipitated  E3 
ligase,  purified  target,  El,  E2,  ATP,  and  ubiquitin  with  Protac.  Purified  yeast  26S 
proteasomes  (40ul  of  0.5mg/ml)  were  added  to  ubiquitinated  protein,  e.g.  ER,  on  beads. 
The  reaction  was  supplemented  with  6ul  of  ImM  ATP,  2ul  of  0.2M  magnesium  acetate, 
and  ubiquitin  aldehyde  (5uM  final  concentration).  The  reaction  was  incubated  for  10 
minutes  at  30°C  with  the  occasional  mixing  in  the  thermomixer  (Eppendorf).  To  verify 
that  degradation  is  due  to  proteasomes  and  not  other  proteases,  purified  26S  proteasomes 
were  preincubated  for  45  minutes  at  30oC  with  1,10  phenanthroline  (Sigma)  (a  metal 
chelator  and  inhibitor  of  the  RPN1 1  deubiquitinating  enzyme  in  the  26S  proteasome),  at 
ImM  final  concentration  prior  to  adding  to  the  ubiquitination  reaction  (Fig.  5). 


Flag  Cul-l/p  TRCP  +  + 
Protac  +  - 
Estradiol  -  + 
IkEoc  phosphopeptide  -  + 
Ubiquitin  +  + 
ER  +  + 


UbER 


Ubiquitination  assays  were 
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26S  +26S 


Fig.  5.  Ubiquitinated  ER  is  degraded  by  the  26S  proteasome.  (A):  Ubiquitination  reactions  performed  as 
described  in  the  legend  to  Fig.  5 A  were  supplemented  with  purified  yeast  26S  proteasomes.  Within  10 
minutes,  complete  degradation  of  ER  was  observed.  (B):  Purified  26S  proteasome  preparations  were 
preincubated  in  1,10  phenanthroline  (1  mM)  or  1,7  phenanthroline  (1  mM)  prior  to  addition.  The  metal 
chelator  1,10  phenanthroline  inhibits  the  Rpn  11 -associated  deubiquitinating  activity  that  is  required  for 
substrate  degradation  by  the  proteasome.  Degradation  of  ER  was  inhibited  by  addition  of  1,10 
phenanthroline,  but  not  the  inactive  derivative  1,7  phenanthroline  (Sakamoto,  et  al.,  2003). 


Strategies  to  Assess  the  Efficacy  of  Protacs  In  Vivo 

Clinical  application  of  Protacs  is  dependent  on  successful  ubiquitination  and 
degradation  of  the  protein  target  by  endogenous  ubiquitin  ligases  and  proteasomes  within 
cells.  There  are  several  approaches  to  test  the  efficacy  of  Protacs  using  cell  extracts  or 
application  directly  to  cells.  Depending  on  the  polarity  of  the  Protac,  efficiency  of 
internalization  in  cells  is  variable.  If  Protacs  are  hydrophilic,  such  as  the  case  with  the 
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Protac-1  that  contains  the  IkBcx  phosphopeptide,  extracts  or  microinjections  are  possible 
approaches.  For  other  molecules,  it  may  be  possible  to  directly  bath  apply  Protacs  to 
cells. 

Degradation  experiments  with  Xenopus  extracts 

Extracts  from  unfertilized  Xenopus  laevis  eggs  were  prepared  on  the  day  of  the 
experiment  as  previously  described  (Murray,  1991).  MetAP-2  (4ul  of  9uM)  was 
incubated  with  Protac-1  (50uM)  at  room  temperature  for  45  minutes.  The  MetAP-2- 
Protac-1  mixture  was  added  to  10  pi  of  extract  in  addition  to  excess  ovalicin  (lOpM  final 
concentration).  The  excess  of  ovalicin  was  added  to  saturate  any  free  MetAP-2  in  the 
reaction.  Additional  components  in  the  reaction  included  constitutively  active  IKK 
(IKK-EE;  0.4pg)  and  okadaic  acid  (10  pM  final  concentration)  to  maintain 
phosphorylation  of  the  IxBa  peptide  moiety  of  Protac.  To  test  for  specificity  of 
proteasomal  degradation,  various  proteasome  inhibitors  were  used,  including  N-acetyl- 
leu-leu-norleucinal  (LLnL,  50pM  final)  or  epoxomicin  (lOpM  final).  Protease  inhibitors 
chymotrypsin,  pepstatin,  and  leupeptin  cocktail  (15pg/ml  final  concentration)  were  also 
added  to  the  extracts.  Reactions  were  incubated  for  timepoints  up  to  30  minutes  at  room 
temperature  and  terminated  by  adding  50  ml  of  SDS  loading  buffer.  Samples  were  then 
evaluated  using  Western  blot  analysis  using  MetAP-2  antisera  (Fig  6). 
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MetAP-2-Protac-1  +  OVA 


Protac-1 

0  0  2  10  15  30  30  30  30  30 

minutes 

Fig.  6.  MetAP-2-Protac  but  not  free  MetAP-2  is  degraded  in  Xenopus  extracts.  The  MetAP-2-Protac-l 
mixture  or  MetAP-2  alone  was  added  to  Xenopus  egg  extract  fortified  with  ovalicin  (OVA;  100  pM),  IKK- 
EE  (0.4  pg)  and  okadaic  acid  (10  pM).  Where  indicated,  reactions  were  either  deprived  of  IKK-EE  or 
okadaic  acid  (OA),  or  were  further  supplemented  with  50  pM  LLnL  or  10  pM  epoxomicin  (Epox). 

Reactions  were  incubated  for  the  indicated  timepoints  at  room  temperature,  terminated  by  adding  SDS- 
PAGE  loading  dye,  and  evaluated  by  SDS-PAGE  followed  by  western  blotting  with  anti-MetAP-2 
antiserum  (Sakamoto,  et  al.,  2001). 

Microinjection  as  a  Method  to  Study  Effects  of  Protacs  on  Ubiquitination  and 
Degradation  of  Target  Proteins 

Protacs  that  contain  a  phosphopeptide  do  not  enter  cells  efficiently.  Various 
protein  transduction  domains,  lipid  based  transfection  reagents,  and  electroporation  or 
other  transient  transfection  methods  can  be  tested.  However,  to  insure  that  Protacs  enter 
cells,  microinjections  were  performed.  For  these  experiments,  Protac-3 
(IkBcx  phosphopeptide-testosterone)  was  synthesized  to  target  the  AR  (Sakamoto,  et  al., 
2003).  As  a  readout  of  protein  degradation,  293  cells  stably  expressing  AR-GFP  were 
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selected  using  G418  (600p,g/ml).  Prior  to  microinjections,  cells  were  approximately  60% 
confluent  in  6-cm  dishes. 

Protac-3  diluted  in  a  KC1  solution  (1  OpM  final)  with  rhodamine  dextran 
(molecular  mass  10,000  Da;  50  p,g/ml)  was  injected  into  cells  through  a  microcapillary 
needle  using  a  pressurized  injection  system  (Picospritzer  II;  General  Valve  Corporation). 
Co-injection  with  rhodamine  dextran  is  critical  to  insure  that  decrease  in  AR-GFP  is  not 
due  to  leakage  of  protein  from  cells  following  microinjection.  The  injected  volume  was 
0.2  pi,  representing  5-10%  of  the  cell  volume.  GFP  and  rhodamine  fluorescence  can  be 
visualized  with  a  fluorescent  microscope  (Zeiss)  and  photographs  taken  with  an  attached 
camera  (Nikon).  Within  one  hour  following  microinjection,  disappearance  of  AR-GFP  is 
visible  (Fig.  7).  Cells  should  remain  rhodamine  positive  provided  that  injection  has  not 
caused  lysis  of  cells  or  leakage  of  AR-GFP  from  cells.  Greater  than  200  cells  per 
experiment  on  three  separate  occasions  should  provide  data  demonstrating  that  Protacs 
induce  degradation  of  the  target.  AR-GFP  disappearance  can  then  be  quantitated  by 
categorizing  as  complete  disappearance,  partial  disappearance,  minimal  disappearance,  or 
no  disappearance.  To  verify  that  the  disappearance  of  AR-GFP  from  cells  is  proteasome- 
dependent,  cells  were  pretreated  with  proteasome  inhibitor  epoxomicin  (IOjiM  final)  for 
5  hours  prior  to  microinjections  or  coinjecting  Protacs  (10jiM)  with  epoxomicin  (lOpM). 
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B. 


Degree  of  GFP-AR  Percent 
Disappearance  (out  of  >200  ceils) 

f.  NONE  4 

2.  MINIMAL  16 

3.  PARTIAL  29 

4.  COMPLETE  51 

Fig.  7.  Microinjection  of  Protac  leads  to  GFP-AR  degradation  in  cells.  Protac-3  (10|xM  in  the 
microinjection  needle)  was  introduced  using  a  Picospritzer  II  pressurized  microinjector  into  293AR"GFP  cells 
in  a  solution  containing  KC1  (200  pM)  and  rhodamine  dextran  (50  pg/ml).  Approximately  10%  of  total  cell 
volume  was  injected.  (A):  Protac-3  induces  GFP-AR  disappearance  within  60  minutes.  The  top  panels 
show  cell  morphology  under  light  microscopy  overlaid  with  images  of  cells  injected  with  Protac  as 
indicated  by  rhodamine  fluorescence  (pink  color).  The  bottom  panels  show  images  of  GFP  fluorescence. 
By  one  hour,  GFP  signal  disappeared  in  almost  all  microinjected  cells.  To  quantitate  these  results,  we 
injected  over  200  cells  and  classified  the  degree  of  GFP  disappearance  as  being  either  none  (1),  minimal 
(2),  partial  (3),  or  complete  (4).  Examples  from  each  category  and  the  tabulated  results  are  shown  in  (B). 
These  results  were  reproducible  in  three  independent  experiments  performed  on  separate  days  with  30  to  50 
cells  injected  per  day  (Sakamoto,  et  al.,  2003). 

Methods  to  Test  a  Cell-Permeable  Protac 

Reagents  capable  of  redirecting  the  substrate  specificity  of  the  ubiquitin- 
proteasome  pathway  in  protein  degradation  would  be  useful  experimental  tools  for 
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modulating  cellular  phenotype  and  potentially  acting  as  drugs  to  eliminate  disease- 
promoting  proteins.  Therefore,  to  use  Protacs  to  remove  a  gene  product  at  the  post- 
translational  level,  a  cell  permeable  reagent  would  be  necessary.  A  HIFla-DHT  Protac 
was  developed  for  this  purpose.  Given  the  lack  of  small  molecule  E3  ligase  ligands,  the 
seven  amino  acid  sequence  ALAPYIP  was  chosen  for  the  E3  recognition  domain  of 
Protac-4  (Schneekloth,  et  al.,  2004).  This  sequence  has  been  demonstrated  to  be  the 
minimum  recognition  domain  for  the  von  Hippel-Lindau  tumor  suppressor  protein  (VHL) 
(Kaelin,  2002,  Hon,  et  al.,  2002).  VHL  is  part  of  the  VBC-Cul2  E3  ubiquitin  ligase 
complex.  Under  normoxic  conditions,  a  proline  hydroxylase  catalyzes  the  hydroxylation 
of  hypoxia  inducible  factor  la  (HIFla)  at  P564  (Epstein,  et  al.,  2001).  P564  is  the 
central  proline  in  the  ALAPYIP  sequence,  resulting  in  recognition  and  polyubiquitination 
by  VHL.  HIFla  is  constitutively  ubiquitinated  and  degraded  under  normoxic  conditions 
(Kaelin,  2002).  In  addition,  a  poly-D-arginine  tag  derived  from  HIV  tat  was  added  to  the 
carboxy  terminus  of  the  peptide  sequence  to  confer  cell  permeability  and  prevent 
nonspecific  proteolysis  (Wender,  et  al.,  2000,  Kirschberg,  et  al.,  2003)(Fig.  8).  This 
Protac  should  then  enter  the  cell,  be  recognized  and  hydroxylated  by  a  prolyl 
hydroxylase,  and  subsequently  be  bound  by  both  the  VHL  E3  ligase  and  the  target,  AR. 

The  293  cells  stably  expressing  AR-GFP  were  used  to  study  the  effects  of  HIFla- 
DHT  Protac  on  AR  degradation.  For  these  experiments,  greater  than  95%  of  cells 
expressed  AR-GFP.  On  the  day  prior  to  experiments,  cells  were  plated  in  96-well  plates 
with  200  pi  of  media  at  60%  confluence.  Protac  was  dissolved  in  DMSO  and  was  added 
to  cells  at  concentrations  ranging  between  10uM  to  lOOpM.  The  presence  or  absence  of 
GFP  expression  following  Protac  treatment  was  determined  by  fluorescent  microscopy. 


17 


A  timecourse  was  performed,  but  for  HIFla-DHT  Protac,  the  effects  were  observed 
within  two  hours.  To  assess  proteasome-dependent  degradation,  cells  were  pretreated 
with  epoxomicin  (lOpM  final  concentration)  for  4  hours  prior  to  adding  Protac.  Western 
blot  analysis  was  performed  to  determine  levels  of  GFP-AR  (Fig.  9). 


O 


18 


Gratae  (50ul 


,  - 


S'i('+  Protec  |25«B!) 


+PT  DMSO  None 


[i-tubulin 


0  min  Protac  (25|iM) 

jf  4  : 

60  min  Protac  (25|iM)  1 

<L*  * 

>  .  .*  r 

•> .  * ,  •  -  l  '  .  „  -s 

^  ~  * j- * 

19 


Fig.  9.  HIF-DHT  Protac  mediates  GFP-AR  degradation  in  a  proteasome-dependent  manner.  293AR'GFP 
cells  (0.5  X  106  cells/ml)  were  plated  at  50%  confluence  in  a  volume  of  200  pi  of  media  in  a  96-well  dish. 
(A  and  B):  Protac  induces  GFP-AR  disappearance  within  60  minutes.  Either  100,  50,  or  25  pM 
concentration  of  Protac  or  DMSO  control  in  a  volume  of  0.6  pi  was  added.  Cells  were  visualized  under 
light  (top)  or  fluorescent  (bottom)  microscopy  one  hour  after  treatment.  Photographs  were  taken  with  a 
SC35  type  12,  35  mm  camera  attached  to  an  Olympus  fluorescent  inverted  microscope.  (B):  GFP-AR 
protein  is  decreased  in  cells  treated  with  Protac.  Lysates  were  prepared  from  parental  cells  (293  par)  or 
GFP-AR  expressing  cells  treated  with  Protac  (+PT),  DMSO,  or  no  treatment  (None)  for  60  minutes. 
Western  blot  analysis  was  performed  with  rabbit  polyclonal  anti-AR  antisera  (1:1000;  UBI)  or  p-tubulin 
(1 :200;  Santa  Cruz).  (C):  Epoxomicin  inhibits  Protac-induced  degradation  of  GFP-AR.  Cells  were  plated 
at  a  density  of  0.3  X  106  cells/ml  and  treated  with  10  pM  epoxomicin  (Calbiochem)  or  DMSO  for  4  hours 
prior  to  adding  Protac  (25  pM)  for  60  min.  (D):  Western  blot  analysis  was  performed  with  cells  in  96-well 
dishes  treated  with  Protac  (25  pM),  DMSO  (left);  epoxomicin  (10  pM),  epoxomicin  (10  pM)  +  Protac  (50 
or  25  pM),  or  Protac  alone  (50  or  25  pM)  (Schneekloth,  et  al.,  2004). 
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Pediatrics,  UCLA  School  of  Medicine 

Visiting  Assistant  Professor  of  Pediatrics,  Division  of  Hematology-Oncology, 

Department  of  Pediatrics,  UCLA  School  of  Medicine 

Assistant  Professor  of  Pediatrics,  Division  of  Hematology- Oncology, 

Department  of  Pediatrics,  UCLA  School  of  Medicine 

Joint  appointment,  Department  of  Pathology  and  Laboratory  Medicine 

Associate  Professor  of  Pediatrics  and  Pathology,  Mattel  Children’s  Hospital  at 

UCLA,  UCLA  School  of  Medicine 

Professor  of  Pediatrics  and  Pathology  &  Laboratory  Medicine 
Visiting  Associate,  Division  of  Biology,  California  Institute  of  Technology 


RESEARCH  EXPERIENCE 


1978- 1979 

1979- 1980 

1993-1996 

1980- 1991 

1999 

2000-2003 


Senior  Honors  Thesis,  Department  of  Biology,  Williams  College.  "Effects  of 
Centrifugation  Time  on  Separation  of  Plant  Organelles". 

Research  Assistant,  Department  of  Biochemical  Genetics,  City  of  Hope 
Medical  Center 

Research  Assistant,  Department  of  Physiology,  USC  School  of  Medicine, 
Postdoctoral  Fellow,  Division  of  Hematology-  Oncology,  in  the  laboratory  of 

Judith  C.  Gasson,  Ph.D.,  UCLA  School  of  Medicine 
Visiting  Associate,  laboratory  of  Raymond  Deshaies,  Ph.D., 

Department  of  Biology,  California  Institute  of  Technology,  Pasadena,  CA 
STAR  program/Graduate  Studies,  Division  of  Biology,  Laboratory  of  Raymond 
Deshaies,  PhD,  Howard  Hughes  Medical  Institute,  California  Institute  of 
Technology,  Pasadena,  CA 


HONORS 

1988 

1990-1993 

1991 

1992-1995 

1996-2002 

1994 

1995 

1996 

1998-2003 

1998 

1998 

1999 


Victor  E.  Stork  Award,  Children's  Hospital  of  Los  Angeles 
Leukemia  Society  of  America  Fellowship  Award 
Leukemia  Society  of  America  award  as  First  Designated  Researcher 
supported  by  the  Leukemia  Society  staff 

Jonsson  Comprehensive  Cancer  Center/STOP  CANCER  Career  Development 
Award 

Leukemia  Society  of  America  Special  Fellow  Award 

Young  Investigator  Award  in  Oncology,  American  Society  for  Pediatric 

Hematology-Oncology 

UCLA  Frontiers  of  Science  Award 

Ross  Award  in  Research  By  Young  Investigators  (Western  Society  for 
Pediatric  Research) 

Leukemia  Society  of  America  Scholar  Award 
Elected  Council  Member,  Western  Society  for  Pediatric  Research 
Participant,  AAMC  Workshop  for  Senior  Women  in  Academic  Medicine 
Invited  Participant,  American  Cancer  Society  Professors  Meeting, 

October,  New  York 
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1997 

1998 

1999 

2000 

2001 

2002 

2002 

2003  -present 

2003- present 

2004- present 


2004 

2004 

2004 

Transcription,” 

2004 


“Meet-  the- Expert”,  Signal  Transduction  and  Cell  Cycle  Control  in  Myeloid 
Cells,  American  Society  of  Hematology,  New  Orleans,  LA 
Katherine  E.  Rogers  Scholar  for  Excellence  in  Cancer  Research,  Jonsson 
Comprehensive  Cancer  Center,  UCLA 

Member  of  Scientific  Review  Committee,  CONCERN  Foundation 
AACR-Novartis  Scholar  in  Training  Award,  Oncogenomics  meeting, 
Tucson,  AZ 

Keystone  Symposium  on  “Cell  Cycle”  -  Travel  Award,  Keystone,  CO. 
AACR- AFLAC  Scholar- in- Training  Award,  meeting  on  Ubiquitination 
and  Cancer  meeting,  Vancouver,  Canada. 

Full  member,  Molecular  Biology  Institute,  UCLA 
Children’s  Oncology  Group,  Myeloid  Biology  Subcommittee 
Member,  Grant  Review  Subcommittee  on  Leukemia,  Immunology,  and 
Blood  Cell  Development  for  American  Cancer  Society 
NIH  Study  Sections  on  Drug  Discovery  and  Molecular  Pharmacology  and 
Basic  Mechanisms  of  Cancer  Therapy,  and  Special  Emphasis 
Panel  on  Diamond-Blackfan  Anemia  and  Bone  Marrow  Failure 
syndromes 

Grant  Reviewer,  UC  Discovery  Biotechnology  Program 
Moderator,  Leukemia  Session  at  American  Society  for  Pediatric 
Hematology- Oncology  Annual  Meeting 
Abstract  Reviewer  and  Moderator  for  “Hematopoiesis:  Regulation  of  Gene 
ASH  Meeting 

NIH  Hematopoiesis  Study  Section 


EDITORIAL  BOARD/REVIEWER 
Editorial  board:  Stem  Cells 


Medical  Editor,  emedicine  online  textbook  for  Pediatrics  (Hematology- Oncology  section) 
Current  Drugs,  panel  of  evaluators 

Ad  hoc  reviewer  for  journals:  Blood,  Oncogene,  Proceedings  of  the  National 

Academy  of  Sciences,  Molecular  and  Cellular  Biology,  Journal  of  Cellular  Biochemistry, 
Leukemia,  Biotechniques,  Cytometry,  Pediatric  Research,  Cancer  Research 


PROFESSIONAL  SOCIETY  MEMBERSHIPS 

Candidate  Fellow,  American  Academy  of  Pediatrics 
Member,  American  Society  of  Hematology 
Member,  American  Society  of  Pediatric  Hematology- Oncology 
Member,  American  Association  for  Cancer  Research 
Member,  New  York  Academy  of  Science 
Member,  Western  Society  for  Pediatric  Research 
Member,  Society  for  Pediatric  Research 
Member,  International  Society  for  Experimental  Hematology 
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Children’s  Oncology  Group,  AML  Strategy  Group 

American  Society  for  Biochemistry  and  Molecular  Biology  (ASBMB) 


COMMITTEES 

1994 

1995 

1996-1998 

1996-1999 

1994-present 

1998-1999 

1996-2002 

2002-present 

2002-present 

2002-present 


Search  Committee  for  Director  of  the  Jonsson  Cancer  Center 
Search  Committee  for  Nephrology  Faculty  Appointment 
Admissions  Committee,  UCLA  ACCESS  program  for  graduate  students 
Admissions  Committee,  Medical  Student  Training  Program,  UCLA 
UCLA  Cancer  Committee 

Chair  of  Tumor  Cell  Biology  ACCESS  Affinity  Group  for  Graduate  Students 

Western  Society  for  Pediatric  Research  (WSPR)  Council  member 

Search  Committee  for  Pediatric  Pulmonary 

Search  Committee  for  Pediatric  Nephrology 

Search  Committee  for  Pediatric  Hematology-Oncology 


CAMPUS  ACTIVITIES 


1994-present 

1994- present 
1995 

1995- present 
Teaching 
1993 -present 
1993 -present 
1993-present 
1993-present 
1993-present 
1995 

1995-1997 

1995 

1993-1997 

1995- 1999 
1999-present 

1996- 2003 


Faculty  Mentor  on  the  Medical  Student  Training  Program 

Principal  Investigator  on  the  Tumor  Cell  Biology  Training  Grant 

Faculty  Advisor  Program  for  first  year  medical  students 

Principal  Investigator  on  the  UCLA  ACCESS  program  for  graduate  Students 

Pediatric  Hematology- Oncology  elective 
Advanced  Clinical  Clerkship  in  Pediatric  Hematology- Oncology 
Laboratory  course  in  Biochemistry  for  first  year  medical  students 
Pediatric  Clerkship 

Advanced  Clinical  Clerkship  in  Pediatrics 
Ethics  and  Accountability  in  Biomedical  Research 
Major  Concepts  in  Oncology 
Molecular  and  Cellular  Foundations  of  Disease 

Organization  of  Pediatric  Hematology- Oncology  weekly  clinic  conferences 
Organization  of  the  Pediatric  Departmental  Monthly  Research  Seminars 
M229  Course  on  Cell  Biology  and  Pathogenesis  for  ACCESS  Graduate 
Students  on  “Cell  Cycle”  (organized  by  Patricia  Johnson) 

Pathophysiology  Course  in  Hematopathology  (session  on 
Lymphoma) 


Clinical  Activities 

1993-present  Medical  Staff,  Pediatric  Hematology-Oncology,  UCLA  School  of  Medicine  and 

Santa  Monica  Hospital 

PATENTS 

“Proteolysis  Targeting  Chimeric  Pharmaceutical”  (Raymond  Deshaies,  Craig  Crews,  and  Kathleen 
Sakamoto),  Ref.  No.  CIT3284. 


GRANTS 

1 989- 1 990  American  Cancer  Society  Clinical  Oncology  Fellowship 
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i- 


1 990- 1 993  5  F32  CA08974-04  Individual  National  Research  Service  Award  Molecular 

Analysis  of  Target  Cell  Response  to  Human  GM-CSF  ($102,100);  National  Cancer 
Institute  (Judith  Gasson,  Ph.D.,  P.I.) 

1996-2002  Fellowship  Award,  Molecular  Characterization  of  GM-CSF  Action 

($70,000)  Leukemia  Society  of  America  (Judith  C.  Gasson,  Ph.D.,  P.I.) 

1 993- 1 998  K08  CA59463,  Clinical  Investigator  Award,  Molecular  Characterization  of 

GM-CSF  Action  ($383,400),  National  Cancer  Institute  (Judith  Gasson,  Ph.D. 

PI) 

1993-1996  3017-93,  Special  Fellow  Award,  Molecular  Analysis  of  GM-CSF  Action 

($100,400),  Leukemia  Society  of  America  (K.  Sakamoto,  M.D.,  P.I.) 

1 992- 1 995  Career  Development  Award,  Molecular  Characterization  of  GM-CSF  Action 
($150,000),  STOP  CANCER  (K.  Sakamoto,  M.D.,  P.I.) 

1992-1993  Seed  Grant,  Mutation  Analysis  of  Structure-Function  Relationships  of  Human  GM- 
CSF  Receptor  Beta  Subunit  ($30,000),  Jonsson  Comprehensive  Cancer  Center  (K.  Sakamoto, 

M.D.,  P.I.) 

1 992-  1 993  Mutation  Analysis  of  Structure- Function  Relationships  of  the  Human  GM-CSF 

Receptor  Beta  Subunit  ($25,000),  Southern  California  Children’s  Cancer  Service 
and  Couples  Against  Leukemia  (declined)  (K.  Sakamoto,  M.D.,  P.I.) 

1993- 1995  Molecular  Regulation  of  egr- 1  by  IL-3  andPIXY321  in  Myeloid  Leukemias 

($100,000),  Concern  II  (K.  Sakamoto,  M.D.,  P.I.) 

1 994  The  Role  of  Cyclins  in  Myeloid  Leukemias  ($25,000),  Southern  California  Children’s 
Cancer  Service  and  Couples  Against  Leukemia  (K.  Sakamoto,  P.I.) 

1 995  UCLA  Academic  Senate  Award  ($1 ,500),  "Stem  Cell  Factor  Activation  of  Signal 
Transduction  in  Myeloid  Leukemic  Cells"  (K.  Sakamoto,  M.D.,  P.I.) 

1995  UCLA  Frontiers  of  Science  Award,  The  Regulation  and  Functional  Role  of  p55CDC 

in  Myeloid  Leukemias  ($28,000)  (K.  Sakamoto,  M.D.,  P.I.) 

1 995  UCLA  Prime  Faculty  Research  Award,  Molecular  Regulation  of  Myeloid  Cell 

Differentiation  ($25,000)  (K.  Sakamoto,  M.D.,  P.I.) 

1995  Seed  Grant,  The  Role  of  SRE- Binding  Proteins  During  Signal  Transduction  in 

Myeloid  Leukemias  ($27,000),  Jonsson  Comprehensive  Cancer  Center  (K. 
Sakamoto,  M.D.,  P.I.) 


5 


1995 


New  Assistant  Professor  Grant,  Transcriptional  Regulation  of  egr- 1  by  Stem  Cell 
Factor  in  Myeloid  Leukemias  ($35,000),  Cancer  Research  Coordinating  Committee 
(K.  Sakamoto,  M.D.,  P.I.) 

1 995-  1 997  Shannon  Award,  NIH  (NCI)  1 R55CA6822 1 ,  Molecular  Regulation  of  Myeloid  Cell 
Differentiation,  ($80,000)  (K.  Sakamoto,  M.D.,  P.I.) 

1 996  Concern  II  Foundation;  Molecular  Analysis  of  IL-3  and  PIXY32 1  Signaling 

Pathways  in  Myeloid  Leukemias  ($50,000)  (K.  Sakamoto,  M.D.,  P.I.) 

1996- 2002  First  Award  R29CA68221,  Molecular  Regulation  of  Myeloid  Cell  Differentiation, 

($350,000),  NIH/NCI  (K.  Sakamoto,  M.D.,  P.I.) 

7/97-6/99  UC  Biotechnology  STAR  Project,  S97-03  "p55Cdc  and  Cell  Cycle  Regulation" 
($40,000);  Amgen,  Inc.  and  University  of  California  (K.  Sakamoto,  M.D.,  P.I.) 

7/98-6/99  Contract  with  Eli  Lilly,  Inc.  "Multiple  Resistance  Genes  in  Leukemias"  ($32,  000), 
Co-PI  with  Leonard  Rome,  Ph.D.  (K.  Sakamoto,  M.D.,  P.I.) 

7/98-6/99  Jonsson  Comprehensive  Cancer  Center  Seed  Grant,  “Use  of  Low  Molecular  Weight 

Heparin  in  Cancer  Patients  Receiving  Stem  Cell  Transplants,”  ($30,000),  Co-P.I.  with  Dr.  Sinisa 
Dovat,  M.D.  (fellow) 

7/98-6/2003  Leukemia  Society  of  America  Scholar  Award,  1497-99  "The  Role  of  p55Cdc  during 
Myelopoiesis"  ($350,000),  Leukemia  Society  of  America  (K.  Sakamoto, 

P.I.) 

1/99- 12/2001  Investigator  initiated  grant,  California  Cancer  Research  Program,  “Cell  Cycle 

Control  and  Cancer”  ($400,000),  California  Department  of  Health  Services  (K. 
Sakamoto,  P.I.) 

7/99-  6/2000  Jonsson  Comprehensive  Cancer  Center  Seed  Grant,  “Development  of  a  Novel 
Class  of  Protein- inhibiting  Anti- cancer  Therapeutics”  ($15,000),  K.  Sakamoto 
(P.I.)  and  Raymond  Deshaies  (Co-P.I.,  Caltech) 

1/2000  CaPCURE  research  award,  “Development  of  a  Novel  Class  of  Protein- 

Inhibiting  Therapeutics  for  Prostate  Cancer”  ($100,000).  Raymond 
Deshaies  (P.I.,  Caltech),  K.  Sakamoto,  and  Craig  Crews  (Co-P.I.,  Yale 
University). 

1/99-12/02  Research  Project  Grant,  "Molecular  Analysis  of  Myeloid  Cell  Proliferation" 
($300,000);  American  Cancer  Society  (K.  Sakamoto,  P.I.) 

8/01-7/03  UC  Biostar,  “Targeting  the  estrogen  receptor  for  Proteolysis”,  with  Celgene, 

Inc.  ($40,000),  K  Sakamoto,  P.I. 
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1/02-12/02  CaPCURE  research  award,  “Targeting  the  Androgen  Receptor  for  Degradation  in 
Prostate  Cancer”  ($75,000)  K.Sakamoto  (P.I.),  Raymond  Deshaies  (Co-P.I., 
Caltech)  and  Craig  Crews  (Co-P.I.,  Yale  University). 

6/02-7/03  National  Cancer  Coalition,  “Signal  Transduction  and  Cell  Cycle  Analysis  in  Leukemia” 
($5,000),  K.  Sakamoto  (P.I.). 

1/03-1 2/06  American  Cancer  Society,  Research  Scholar  Award.  “The  role  of  CREB  in 
Leukemogenesis ,”  ($625,000).  K.  Sakamoto  (P.I.). 

1/03-6/04  Department  of  Defense,  ‘Targeting  the  estrogen  receptor  for  ubiquitination  and 
proteolysis  in  breast  cancer,”  ($222,819).  K.  Sakamoto  (P.I.) 

1/03-1 2/03  Diamond-Blackfan  Anemia  Foundation,  “AML  in  Diamond-Blackfan  Anemia: 

Molecular  Basis  and  Therapeutic  Strategies,”  ($25,000).  K.  Sakamoto  (P.I.) 

1/1/03-12/31/04  SPORE  grant  in  Prostate  Cancer  Research,  Seed  Grant  Award, 

‘Targeting  the  Androgen  Receptor  for  proteolysis  in  Prostate  Cancer,”  $75,000. 
K.  Sakamoto  (P.I.) 

4/1/03-3/3 1/04  Stein- Oppenheimer  Award,  “Targeting  the  Estrogen  Receptor  in  Breast  Cancer,” 
$20,000.  K.  Sakamoto  (P.I.) 

6/1/03-5/30/04  Genomic  Exploration  Seed  Grant,  Jonsson  Comprehensive  Cancer  Center,  “CREB 
and  Human  Leukemias,”  $5,000,  K.  Sakamoto  (P.I.) 

7/1/03-6/30/04  Susan  G.  Komen  Breast  Cancer  Thesis  Dissertation  Award,”  $20,000.  K. 
Sakamoto,  R.  J.  Deshaies  (P.I.) 

1/04-12/07  NIH/NHLBI R01  (HL  75826),  “The  Role  of  CREB  in  Leukemogenesis,” 

($200, 000/year).  K.  Sakamoto  (P.I.) 

9/04-8/06  R21,  “Ubiquitination  and  Degradation  in  Cancer  Therapy,”  ($  135,000/year).  K. 

Sakamoto  (P.I.) 

7/ 04- 7/ 05  Department  of  Defense,  “Identification  of  small  non-peptidic  ligands  that  bind 

the  SCFbeta'TRCP  ubiquitin  ligase  to  taiget  Ihe  ER  for  ubiquitination  and 
degradation  ($75,000).  K.  Sakamoto  (P.I.) 

TRAINEES 

1991- 1993  Hu-  Jung  Julie  Lee,  undergraduate  student 

1 992-  1 993  Elana  Lehman,  medical  student 

1 993- present  Kathy  Hwain  Shin,  undergraduate  student,  Work/study  and  Lab  Assistant 

1 994-  1 995  Robert  C.  Mignacca,  M.D.,  postdoctoral  fellow 

1 994- 1 995  Stephen  Phillips,  undergraduate  student,  Student  Research  Project 


1995 

1995 

Excellence 

1995- 2000 

1996 

1996- 2002 
1996-2002 

1997 

1995-1999 


1999- 2000 

2000- present 

2001- 2002 
2001-2003 


2002-present 


2002-2003 

2002-2003 


2003-present 

2003 

2003 

2004 


Allison  Wong,  medical  student;  Short  Term  Training  Program;  Recipient  of 

Howard  Hughes  NIH  Research  Scholar  Award,  1996-1997 

Ramona  Rodriguez,  medical  student;  Short  Term  Training  Program,  Centers  of 

Evelyn  Kwon,  graduate  student 

Michael  Mendoza,  medical  student,  Short  Term  Training  Program;  Centers  of 
Excellence  and  FIRST/STAR  Award  recipient 

Patricia  Mora-Garcia  (awarded  Minority  Supplement  Award  from  NIH/NCI), 
Dept.  Pathology  and  Laboratory  Medicine 

Michael  Lin,  graduate  students  (recipient  of  NIH/NCI  Tumor  Cell  Biology 
Training  Grant),  Dept.  Pathology  and  Laboratory  Medicine 
Raymond  Wang,  medical  student,  Short  Term  Training  Program 
Wayne  Chu,  M.D.,  Pediatric  Resident,  Mattel  Children’s  Hospital  at 
UCLA,  research  elective  (recipient  of  1999  Merle  Carson  Lectureship,  1st  Prize 
Southwestern  Pediatric  Society,  The  Tenth  Joseph  St.  Geme,  Jr.  Research 
Award  for  UCLA  Pediatric  Trainees) 

Kristin  Baird,  M.D.  Pediatric  Resident,  Mattel  Children’s  Hospital  at 
UCLA,  research  elective 

Deepa  Shankar,  Ph.D.,  Postdoctoral  fellow  (NIH  Tumor  Cell  Biology 
Postdoctoral  fellowship,  JCCC  fellowship). 

Heather  Crans,  graduate  student  (recipient  of  NIH  Tumor  Immunology 
Training  Grant),  Dept.  Pathology  and  Laboratory  Medicine 
Athena  Countouriotis,  M.D.,  Pediatric  Resident,  Mattel  Children’s 
Hospital  at  UCLA,  research  elective  (recipient  of  Resident  Research 
Award,  American  Academy  of  Pediatrics) 

Jerry  Cheng,  M.D.,  Pediatric  Resident,  Mattel  Children’s  Hospital  at 

UCLA  (won  SPR  House  Officer  Award  2003,  ASPHO/SPR  meeting,  Seattle, 

WA). 

Tamara  Greene,  Medical  Student,  UCLA  School  of  Medicine 
Johnny  Chang,  M.D.,  Medical  Oncology  Fellow,  Division  of  Hematology- 
Oncology,  Department  of  Medicine,  UCLA  School  of  Medicine  (recipient 
Of  NIH  Hematology  Training  Grant) 

Noah  Federman,  M.D.,  Pediatric  Resident,  Mattel  Children’s  Hospital, 
research  elective 

Andy  Liu,  undergraduate  student  (Recipient  of  Undergraduate  scholarship 
award) 

Ryan  Stevenson,  undergraduate  student 
Maricela  Rodriguez,  medical  student 


BIBLIOGRAPHY 


PEER-REVIEWED 

1.  Nagahashi,  G  and  Hiraike  (Sakamoto)  KM.  Effect  of  centrifugation  time  on  sedimentation  of  plant 
organelles.  Plant  Physiol  69:546-548.  1982. 
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2.  Yamamoto  J,  Yap  J,  Hatakeyama  J,  Hatanaka  H,  Hiraike  (Sakamoto)  K,  Wong  L:  Treating  Asian 
Americans  in  Los  Angeles.  Psychiatry  8:411-416. 1985. 

3.  Sakamoto  KM,  Bardeleben  C,  Yates  KE,  Raines  MA,  Golde  DW,  Gasson  JC:  5'  upstream 
sequence  and  genomic  structure  of  the  human  primary  response  gene,  EGR-  1/TIS8.  Oncogene  6:867- 
871,1991. 

4.  Sakamoto  KM,  Nimer  SD,  Rosenblatt  JD,  Gasson  JC:  HTLV-I  and  HTLV-II  tax  traws-activate 
the  human  EGR-1  promoter  through  different  cis- acting  sequences.  Oncogene  7:2125-2130, 1992. 

5.  Sakamoto-K,  Erdreich  Epstein  A,  deClerck  Y,  Coates  T:  Prolonged  clinical  response  to  vincristine 
treatment  in  two  patients  with  idiopathic  hypereosinophilic  syndrome.  Am  J  Ped  Hemat  Oncol  14:348- 
351,  1992. 

6.  Sakamoto  KM,  Fraser  JK,  Lee  H- J  J,  Lehman  E,  Gasson  JC:  GM-CSF  and  IL-3  signaling 
pathways  converge  on  the  CREB-binding  site  in  the  human  EGR- 1  promoter.  Mol  Cell  Biol  14:  5920- 
5928, 1994. 

7.  Lee  H-J  J,  Mignacca  RM,  and  KM  Sakamoto.  Transcriptional  activation  of  egr-1  by 
Granulocyte- Macrophage  Colony- Stimulating  Factor  but  not  Interleukin-3  requires  phosphorylation  of 
CREB  on  Serine  133.  J.  Biol.  Chem.  270:  15979-15983, 1995. 

8.  Wong  A  and  KM  Sakamoto.  GM-CSF-Induces  the  Transcriptional  Activation  of  Egr-1  Through 
a  Protein  Kinase  A- Independent  Signaling  Pathway.  J  Biol  Chem  270:  30271-30273.  1995. 

9.  Horie  M,  Sakamoto  KM,  Broxmeyer  HC.  Regulation  of  egr- 1  gene  expression  by  retinoic  acid  in 
a  human  growth  factor- dependent  cell  line,  hit  J  Hematology,  63:  303-309,  1996. 

10.  Mignacca  RC,  Lee  H-J  J,  and  KM  Sakamoto.  Mechanism  of  Transcriptional  Activation  of  the 
Immediate  Early  Gene  Egr-1  in  response  to  PIXY321.  Blood.  88:  848-854,  1996. 

11.  Kao  CT,  Lin  M,  O'Shea-Greenfield  A,  Weinstein  J,  and  KM  Sakamoto.  p55Cdc 
Overexpression  Inhibits  Granulocyte  Differentiation  Through  an  Apoptotic  Pathway.  Oncogene. 
13:1221-1229,  1996. 

12.  Kwon  EM  and  KM  Sakamoto.  Molecular  Biology  of  Myeloid  Growth  Factors.  J  Inv  Med. 
44:  (8)  442-445  October,  1996. 

13.  Watanabe  S,  Kubota  H,  Sakamoto  KM,  and  K  Arai.  Characterization  of  cis-acting  sequences 
and  trans-acting  signals  regulating  early  growth  response  gene  1  (egr- 1)  promoter  through  granulocyte- 
macrophage  colony- stimulating  factor  receptor  in  BA/F3  cells.  Blood.  89: 1 197-1206,  1997. 

14.  Lin  M,  Mendoza  M,  Kane  L,  Weinstein  J,  and  KM  Sakamoto.  Analysis  of  Cell  Death  in 
Myeloid  Cells  Inducibly  Expressing  the  Cell  Cycle  Protein  p55Cdc.  Experimental  Hematology  26, 
1000-1007,  1998. 
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Newport,  Rhode  Island,  July  1998. 

38.  Rolli  M,  Neininger  A,  Kotiyarov  A,  Sakamoto  K,  and  M  Gaestel.  Egr- 1  expression  is  regulated 
by  the  p38  MAP  kinase  Pathway  Independent  of  MAPKAP-K2.  10th  International  Conference  on 
Second  messengers  and  Phosphoproteins,  July  1998. 
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39. Mora-Garcia  P  and  Sakamoto  KM.  G-CSF  regulates  myeloid  cell  proliferation  through  activation 
of  SRE-binding  proteins.  American  Society  for  Hematology,  Miami  Beach  FA,  1998.  Abstract 
accepted  for  poster  presentation. 

40.  Mora-Garcia  P  and  KM  Sakamoto.  G-CSF  Regulates  Myeloid  Cell  Proliferation  Through 
Activation  of  SRE- Binding  Proteins.  Oral  Presentation  at  the  Western  Society  for  Pediatrics  meeting  in 
Carmel,  CA  1999. A 

41.  Kwon  EM,  Raines  MA,  and  KM  Sakamoto.  Granulocyte  Macrophage-Colony  Stimulating 
Factor  Induces  cAMP  response  element  binding  protein  phosphorylation  through  a  pp90RSK  activated 
pathway  in  myeloid  cells.  Oral  Presentation  at  the  Western  Society  for  Pediatrics  meeting  in  Carmel, 
CA  1999.A 

42.  Lin  M,  Kao  C,  Weinstein  J,  and  KM  Sakamoto.  P55Cdc  overexpression  results  in  premature 
cell  cycle  transition  from  G1  to  S  phase.  Oral  Presentation  at  the  Western  Society  for  Pediatrics  meeting 
in  Carmel,  CA  1999  A 

43.  KM  Sakamoto.  “GM-CSF  Induces  pp90RSKl  Activation  and  CREB  Phosphorylation  in 
Myeloid  Leukemic  cells”.  NIH/NCI  Workshop  on  “Serine/Ihreonine  Kinases  in  Cytokine  Signal 
Transduction,  ”  Invited  speaker  May  30  and  31, 1999. 

44.  'H.  Hsu,  2N.G.  Rainov,  lF.  Sun,  3K.M.  Sakamoto,  and  *M.A.  Spear.  4-Ipomeanol  (4-IM) 
prodrug  activity  in  cells  carrying  the  p450  CYP4B1  transgene  under  an  EGR1  promoter  induced  with 
ionizing  radiation.  Am.  Soc.  Ther.  Rad.  One,  1999. 

45.  Dai  W,  Wu  H,  Lan  Z,  Li  W,  Wu  S,  Weinstein  J,  KM  Sakamoto.  BUBR1  interacts  with  and 
phosphorylates  p55Cdc/hCdc20.  Cold  Spring  Harbor  Meeting,  ‘Cell  Cycle,”  May  2000. 

46.  Sakamoto  KM,  Crews  C  and  RJ  Deshaies.  A  novel  approach  to  target  proteins  for  proteolysis. 
Accepted  for  poster  presentation.  Keystone  Symposium  on  Cell  Cycle,  Taos  NM,  January  2001 . 

47.  Sakamoto  KM,  Crews  C,  Kumagai  A,  and  RJ  Deshaies.  A  novel  approach  to  treat  cancer. 
Accepted  for  poster  presentation.  Oncogenomics  Meeting,  Tucson  AZ,  January,  2001 . 

48.  Deshaies  RJ,  Sakamoto  KM,  Seol  JH,  Verma  R.  Prospecting  at  the  Cross-roads  of  ubiquitin- 
dependent  proteolysis  and  cell  cycle  control.  FASEB  meeting,  Orlando,  FA,  2001  A 

49.  Crans  HC,  Landaw  EM,  Bhatia  S,  and  KM  Sakamoto.  CREB  as  a  prognostic  marker  in  Acute 
Leukemia.  Accepted  for  poster  presentation,  American  Society  of  Hematology  meeting,  Orlando,  FA, 
2001. 

50.  Countouriotis  A,  Landaw  EM,  Moore  TB,  and  KM  Sakamoto.  CREB  expression  in  Acute 
Leukemia.  Accepted  for  poster  presentation  and  Pediatric  Resident  Travel  Award,  A.  Countouriotis, 
Society  for  Pediatric  Research/American  Society  of  Pediatric  Hematology/Oncology,  May  2002. 


17 


51.  Mora-Garcia  P,  Wei  J,  and  KM  Sakamoto.  G-CSF  Signaling  induces  Stabilization  of  Fli-1  protein 
in  Myeloid  Cells.  American  Society  for  Hematology,  Philadelphia,  PA,  December  2002. 

*52.  Countouriotis  AM,  Landaw  EM,  Moore  TB,  Sakamoto  KM.  Comparison  of  bone  marrow 
aspirates  and  biopsies  in  pediatric  patients  with  acute  lymphoblastic  leukemia.  Western  Society  for 
Pediatric  Research,  Carmel,  CA.  January  2003 


*53.  Cheng  JC,  Crans-Vargas  HN,  Moore  TB,  and  KM  Sakamoto.  Aberrant  CREB  expression  in 
Patients  with  Acute  leukemia.  Western  Society  for  Pediatric  Research.  Carmel,  CA.  January  2003. 

54.  Countouriotis  AM,  Landaw  EM,  Moore  TB,  KM  Sakamoto.  Comparison  of  bone  marrow 
aspirates  and  biopsies  in  pediatric  patients  with  acute  lymphoblastic  leukemia.  Society  for  Pediatric 
Research/ASPHO,  Seattle,  WA.  January  2003 


55.  Cheng  JC,  Crans-Vargas  HN,  Moore  TB,  and  KM  Sakamoto.  Aberrant  CREB  expression  in 
Patients  with  Acute  leukemia.  Western  Society  for  Pediatric  Research.  Carmel,  CA.  January  2003. 
Won  the  SPR  Resident’s  Research  Award. 


*56.  Shankar  DB,  Cheng  J,  Headley  V,  Pan  R,  Countouriotis  A,  and  KM  Sakamoto.  CREB  is 
aberrantly  expressed  in  acute  myeloid  leukemias  and  regulates  myelopoiesis  in  vitro  and  in  vivo. 
American  Society  for  Hematology,  San  Diego,  CA.  December  2003. 
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